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In  this  thesis  the  crystal  structure of one of  the  two  isoforms of NADPH‐dependent 
thioredoxin  reductase  (HvNTR2)  from  barley  was  determined.  The  overall  structure  of 
HvNTR2  resembled  other  low  molecular  weight  (LMW)  NTRs.  However,  the  relative 
orientation of the NADPH and FAD domains of HvNTR2, is different from other LMW NTRs in 
the  flavin  oxidising  (FO)  and  flavin  reducing  (FR)  conformations.  The  difference  can  be 
described  by  a  38.2%  closure,  a  1.0  Å  translation  and  a  24.7°  rotational  twist  when 
compared  to  the  only  other  plant  NTR  structure  of  AtNTR‐B  from  Arabidopsis  thaliana 
(which  is  in  the  FO  conformation).    It  was  thus  suggested  that  the  HvNTR2  structure 
represents an  intermediate between  the  FO  and  the  FR  conformation  indicating  that  the 
conformational  change  does  not  only  involve  domain  rotation,  but  also  bending  of  one 






Trx  from  barley  seeds,  HvTrxh2.  The  complex  is  assumed  to  represent  a  reaction 
intermediate with NTR  locked  in  the FR conformation  through an  intermolecular disulfide 
bond  between  active  site  cysteines  of  the  two  proteins.  Attempts  to  crystallise  the 





2000). The model provides new  insight  into how eukaryotic LMW NTRs  in general bind Trx 
and  suggests major  differences  in  the NTR:Trx  binding  interface  of HvNTR2:HvTrxh2  and 
EcNTR:EcTrx. Notably a  large  loop  in HvNTR2 with  the  sequence EGWMANDIAAGG  in  the 
FAD  domain  (thus  termed  the  FAD‐loop), was  predicted  to  have  tight  interactions with 
viii 
 









study  of  some  of  the  residues  and  loops, which were  indicated  to  be  important  for  the 
binding between the two proteins. Enzyme kinetics analyses of these mutants suggest that 
the  FAD‐loop  is  critical  for  binding  of  HvTrxh2.  Especially,  Trp42HvNTR2  and  Met43HvNTR2 
appears to be important for the binding of HvTrxh2. Met43HvNTR2 is the only HvNTR2 residue 
from the FAD‐loop, which is not conserved in the HvNTR1 isoform, where it is replaced by a 






Finally,  the expression  levels of HvNTR1, HvNTR2, HvTrxh1, HvTrxh2  and  α‐amylase 
during  imbibition was examined  in different  tissues of barley  seeds by Q‐PCR  and micro‐
array  data  analysis.  The  effects  of  the  plant  hormone  gibberellic  acid,  dormancy/after‐
ripening, light/darkness on these expression levels were examined as well as the role of the 
GA‐receptor  GID1.  The  expression  of  α‐amylase  in  aleurone  layers  was  significantly  up‐
regulated by GA, and the response was dependent on GSE1. HvNTR1 seemed to be down‐
regulated by GA  independently on the dose and GSE1. HvNTR2 seemed to be upregulated 









levels of both HvNTR1  (in coleorhiza) and HvNTR2  (in both  roots and coleorhiza). HvNTR2 
and HvTrxh1 were the most abundant isoforms in root and coleorhizae after imbibition and 















NADPH‐afhængige thioredoxin reduktase  (HvNTR2)  fra byg. Overordnet  lignede strukturen 
af  HvNTR2  strukturen  af  andre  lavmolekylære  (LMW)  NTR'er.  Imidlertid  er  den  relative 




konformationen).  Det  blev  derfor  foreslået,  at  strukturen  af  HvNTR2  udgør  et  reaktions 
intermediat mellem  FO  og  FR  konformationen,  hvilket  indikerer  at  den  konformationelle 
ændring  ikke blot  involverer domæne rotation, men også bøjning af ét domæne relativt til 
det andet. Potentielt er der plads  til binding af HvTrxh2  til FAD domænet af HvNTR2  i FO 
konformationen,  hvorefter  et  konformations‐skifte  bringer  de  aktive  site  cysteiner  fra 
NADPH  domænet  i  nærheden  af  HvTrxh2s  aktive  site.  En  reaktions‐mekanisme  blev 
foreslået,  som omfatter binding af  thioredoxin  (Trx)  i FO konformationen  som et  centralt 
reaktionstrin.  
Et kompleks blev fremstillet, hvor HvNTR2 er bundet kovalent til en af de to isoformer 
af  Trx  fra  byg  frø,  HvTrxh2.  Dette  kompleks  menes  at  repræsentere  et  intermediat  i 
reaktionen  med  NTR  låst  i  FR  konformationen  gennem  en  intermolekylær  disulfid‐bro 
mellem  aktive  site  cysteiner  fra  de  to  proteiner.  Forsøg  på  at  krystallisere  dette 
HvNTR2:HvTrxh2  kompleks  var  ufrugtbare,  hvilket  kan  skyldes  prøve  heterogenitet  som 
indikeret af bestemmelse af molekylvægt samt isoelektrisk fokusering gelelektroforese. 
Da der  ikke blev opnået  en  krystalstruktur  af HvNTR2:HvTrxh2  komplekset, blev  en 
model lavet med homologi modellering baseret på eksisterende krystalstrukturer af HvNTR2 
og HvTrxh2, hvor  strukturen af Escherichia  coli NTR kovalent bundet  til Trx  (EcNTR:EcTrx) 
blev brugt som skabelon for modelleringen (Lennon et al., 2000). Den opnåede model giver 
ny indsigt i, hvordan eukaryote LMW NTR'er generelt binder Trx, og antyder store forskelle i 





viser  at  dette  loop  findes  i  LMW  NTR'er  fra  andre  eukaryoter, mens  det  tilsyneladende 
mangler i de fleste prokaryoter.  
Krystalstrukturen  af  HvTrxh2  kovalent  bundet  til  byg  α‐amylase/subtilisin  hæmmer 
(BASI,  Maeda  et  al.,  2006a)  gav  mulighed  for  sammenligning  af  interaktionen  mellem 
HvTrxh2  og  henholdsvis  dennes  elektron‐donor  (NTR)  og  et  protein  disulfide  substrat. 
Denne sammenligning viste et vist overlap  i  interaktionerne da aminosyrerester  i HvTrxh2 
der  er  involveret  i  bindingen  af  BASI  også  interagerer med  FAD  og NADPH  domænet  af 
HvNTR2. 
Modellen  for  HvNTR2:HvTrxh2  har  tjent  som  pejlemærke  for  et  omfattende 
mutations‐studium  af  nogle  af  de  aminosyrerester  og  loops,  der  blev  vurderet  at  være 
vigtige for bindingen mellem de to proteiner. Enzym‐kinetik på disse mutanter afslørede, at 
FAD‐loopet  i  HvNTR2  er  afgørende  for  bindingen  af  HvTrxh2.  Især  Trp42HvNTR2  og 
Met43HvNTR2 var vigtige for bindingen af HvTrxh2 og det er interessant at Met43HvNTR2 er den 




det  konformationelle  skift  fra  FO  til  FR  (Negri  et  al.,  2009).  I  modsætning  hertil  førte 
mutation af den tilsvarende aminosyrerest Glu86HvTrxh2 til en bevaret activitet med HvNTR2, 
hvilket tyder på, at denne aminosyrerest har forskellige roller i Trx fra byg og E. coli.  
Endelig er niveauer  af mRNA  for HvNTR1, HvNTR2, HvTrxh1, HvTrxh2 og  α‐amylase 
under  vandoptagelse  blev  undersøgt  ved  hjælp  af  Q‐PCR  og  microarray‐analyser  fra 
forskelligt  væv  fra  bygfrø.  Effekterne  af  plante‐hormonet  gibberellinsyre  (GA), 
vækstdvale/efter‐modning samt  lys/mørke på disse niveauer blev undersøgt samt rollen af 
GA‐receptoren  GID1.  mRNA  niveauet  for  α‐amylase  var  betydeligt  opreguleret  i 
aleuronlagene  som  følge  af  GA,  og  responset  afhang  af  GSE1.  HvNTR1  syntes  at  være 
nedreguleret af GA uafhængigt af dosis og GSE1. HvNTR2 syntes at være opreguleret af GA, 






er  en  hylster‐lignende  struktur,  der  fungerer  som  et  beskyttende  dække,  der  omslutter 
plumule  (voksende punkt af embryo) og radicle  (hvorfra roden udvikles). Disse var enten  i 





syntes  upåvirket  af  både  efter‐modning  og  lys/mørke  steg  det  gennemsnitlige  niveau  af 
mRNA for NTR'erne i efter‐modnede frø. Lys havde heller ingen effekt på mRNA‐niveauerne 
for NTR'erne.  







































































































































































































Molecular  Recognition  in  NADPH‐Dependent  Plant  Thioredoxin  Systems  –  Catalytic 
Mechanisms, Structural Snapshots and Target Identifications. Chapter 15 in Oxidative stress 



























































































by  cellular  antioxidant  systems  such  as  the  NADPH‐dependent  glutathione/glutaredoxin 
system and thioredoxin system (both described below).  If ROS are produced  in an amount 
which exceeds the antioxidant capacity the cell is exposed to oxidative stress, which leads to 
increased oxidation of macromolecules  such as  lipids and proteins. ROS  induce  reversible 
and  irreversible oxidative modifications of amino acids  including  formation of methionine 
sulfoxide  and  convertion  of  cysteine  to  sulfenic  acid,  sulfinic  acid  and  sulfonic  acid  (also 
called  cysteic  acid,  Figure  1.2).  Such modifications  can  affect  protein  function,  e.g.  if  the 
oxidised  residue  is  important  for  the  catalytic mechanism  of  an  enzyme  (Maeda  et  al., 




(∙O2―)  is  generated  by  a  single‐electron  reduction  of  oxygen.  ROS  are  formed  in  the 
mitochondria if oxygen is incompletely reduced during the mitochondrial electron transport 
chain  (Møller,  2001).  In  plants  a major  source  of  superoxide  is  photosynthesis  (Section 
1.2.1).  The  antioxidant  superoxide  dismutase  catalyses  the  dismutation  of  superoxide  to 
oxygen  and  hydrogen  peroxide  (H2O2)  (McCord  and  Fridovich,  1988).  Another  source  of 
hydrogen  peroxide  is  the  β‐oxidation  of  fatty  acids.  β‐oxidation  takes  place  in  the 

























oxidized  to  form  a  covalent disulfide bond,  also  called  an  S‐S bond or  a disulfide bridge. 
Disulfide bonds are usually  formed by  the  interaction of  two  thiol groups  in an oxidation 
reaction which  results  in  the  release  of  two  protons  and  two  electrons  (Figure  1.3).  In 
proteins  the  thiol  groups of  two  cysteines  can  form disulfide bonds within  a polypeptide 
chain (intramolecular disulfide bond) or between two polypeptides (intermolecular disulfide 
bonds). A disulfide bond formed between a protein and a low molecular weight compound 








residues  in  thiol/disulfide  exchange  reactions  to  transfer  reducing  equivalents  in  cellular 
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redox  reactions,  including  glutaredoxin  (Grx,  Section  1.1.3)  and  thioredoxin  (Trx,  Section 
1.1.4).  Structural  disulfide  bonds  contribute  to  stability  of  proteins  (Raina  and Missiakas, 
1997), but is disfavoured in the reducing environment of the cytoplasm (redox potentiale of 
approximately  ‐221  to  ‐236 mV,  Hwang  et  al.,  1992) maintained  by  the  low molecular 
weight  tripeptide  glutathione  (GSH,  see  Section  1.1.3).  Instead  structural  disulfides  are 
therefore mainly  found  in areas  isolated  from the reducing environment of the cytosol;  in 
secretory proteins, lysosomal proteins, and in the domains of membrane proteins facing the 
surroundings.  In  eukaryotes  structural  disulfide  bonds  are  mainly  formed  in  the  more 
oxidative  environment  of  the  rough  endoplasmic  reticulum  (RER)  (redox  potentiale  of 
aproximately  ‐170  to  ‐185  in  the  secretory  pathway, Hwang  et  al.,  1992).  A  network  of 







Grxs  are  small  redox  enzymes  of  approximately  one  hundred  amino  acid  residues. 
They  typically  contain  an  active  site  monothiol  (CXXS)  or  dithiol  (CXXC)  motif  and  are 
members of the thiol/disulfide oxidoreductase family  (Holmgren, 1989). Some dimeric Grx 
bind  [2Fe‐2S]  iron‐sulfur  clusters  coordinated  through  active  site  cysteines  (Lillig  et  al., 
2005).  Grxs  reduce  disulfide  bonds  and  are  recycled  non‐enzymatically  by  reduced 
glutathione  (GSH), which  is a tripeptide with the sequence sequence γ‐Glu‐Cys‐Gly  (Figure 
1.4). Oxidised  glutathione  (GSSG),  composed of  two  glutathione  tripeptides  linked with  a 
disulfide bond,  is  recycled by NADPH‐dependent  glutathione  reductase  (GR) belonging  to 
the  flavoprotein disulfide oxidoreductase  family. Together Grx, GSH and GR constitute the 
glutathione/glutaredoxin system  (Holmgren and Fernandes, 2004). GR  is described  further 
in Section 1.1.6.2. 
Grx provides electrons to the enzyme ribonucleotide reductase (RNR), which catalyses 
the  formation  of  deoxyribonucleotides  (dNTPs)  from  ribonucleotides  (Holmgren  and 





the most prevalent nonprotein  thiol‐based  redox buffer  in  the cytosol of eukaryotic cells. 
Glutathione is almost exclusively found in its reduced form, since GR is constitutively active 
and inducible upon oxidative stress. The ratio of reduced to oxidised glutathione is the main 
control  of  cellular  redox  balance  including  the  thiol‐disulfide  redox  state  (Pastore  et  al., 
2003). The glutathione/glutaredoxin system of plants is described in Section 1.2.2. 
 
Figure  1.4.  The  glutathione/glutaredoxin  system. Glutathione  reductase  (GR)  reduces  the  oxidised  form  of 
glutathione (GSSG) in an NADPH‐dependant manner. The reduced glutathione (GSH) acts as electron donor to 






and catalyse disulfide  reduction  (Gelhaye et al., 2004).  In non‐chloroplastic environments, 
oxidised  Trx  is  typically  reduced  and  thus  recycled  enzymatically  by  the  flavoenzyme 
NADPH‐dependant thioredoxin reductase (NTR), which is a member of the family of pyridine 




NTR, but NTR has  also been  shown  to  activate  1‐Cys peroxiredoxin  in  a  Trx‐independent 
manner (Pulido et al., 2009). 
Similar to Grx, Trx provides electrons to RNR (Laurent et al., 1964, Moore et al., 1964), 
peroxiredoxins  (Tripathi  et  al.,  2009)  and MSR  (Russel  and Model,  1986).  Generally  Trx 




that  are  activated/deactivated  through  disulfide  reduction,  and  (iii)  proteins  that 
































is  in  some h‐type  Trxs  from  subgroup  I  replaced by WCNPPCC.  This  substitution does not 
seem  to change  the disulfide  reductase activity  (Behm and  Jacquot, 2000; Bréhélin et al., 
2004),  but  appears  to  have  an  impact  on  some  biological  functions,  such  as  sulphate 
assimilation (Bréhélin et al., 2000). 
 
Figure 1.6. Structure of HvTrxh2  from barley  in  the oxidised  form  (pdb accession 2VLT, Maeda et al., 2008). 
The two redox‐active cysteines in the 45WCGPC49 motif are connected by a disulfide bond. CN (C46) is exposed 















including  MSR  (Ma  et  al.,  2011),  3'‐Phosphoadenosine‐5'‐phosphosulfate  reductase 
(Chartron et al., 2007) and arsenate reductase (Li et al., 2007). 
 











(Figure  1.8).  Simultaneously  the  nicotinamide  ring  of  NADPH  is  oxidised  to  yield  NADP+ 
(Figure 1.9). FAD  is synthesised  from riboflavin  (vitamin B2)  in an ATP‐dependent reaction. 
First riboflavin is converted to flavin mononucleotide (FMN) by riboflavin kinase, and FMN is 
converted  to  FAD  by  FAD  synthetase  by  adenylation  (Bafunno  et  al.,  2004;  Figure  1.8). 
NADPH is mainly produced in the oxidative step of the pentose phosphate pathway (Kruger 
and von Schaewen, 2003). In chloroplasts of plants, NADPH is produced by the reduction of 
















for  describing  the mechanism  in  these  NTRs.  The  NADPH  binding  site  in  GR  places  the 
nicotinamide  ring  of NADPH  in  close  proximity  to  one  (re)  side  of  the  isoalloxazine  ring 
system, which allows transfer of a hydride  ion (H‐) to a disulfide bond of GR positioned on 























Figure  1.10.  Absorbance  spectrum  of  FAD.  Absorbance  of  FAD  bound  in NTR  from  E.  coli  (EcNTR). Native 








fl, nic and GSSG,  respectively. The disulfide bond of GR  is  indicated as  two  small black  circles.  Figure  from 
Wang et al., 1996. 
 
Another major  difference  between  the  two  types  of  NTRs  is  that  the  HMW  NTRs 
besides the active site (‐Cys‐X‐X‐X‐Cys‐) in the FAD‐domain contain an additional C‐terminal 
redox centre  (not  found  in GR, Figure 1.16). This contains  selenocysteine  (SeCys)  in  some 
cases. Thus, NTRs from mammals and C. elegans contain the conserved sequence (‐Gly‐Cys‐
SeCys‐Gly) while NTR from P. falciparum contains two cysteine residues  in the sequence (‐
Cys‐X‐X‐X‐Cys‐Gly)  (Lee  et  al.,  2000).  This  additional  active  site  has  been  found  to  be 
involved in catalysis (Wang et al., 1999), and structural studies of the mammalian HMW NTR 





(Fritz‐Wolf  et al., 2011).  This  shows how  the  flexible C‐terminal end may  adopt different 





Bacteria,  yeast  and  plants  contain  LMW  NTRs  (approximately  35  kDa).  They  are 
homodimeric and each subunit contain two Rossman‐type nucleotide binding domains, the 
FAD domain and  the NADPH domain,  similar  to  the high‐molecular‐weight NTRs but  they 
lack the extra C‐terminal domain (Figure 1.12, see Figure 1.16D below). The FAD domain  is 
composted of the N‐terminal and C‐terminal end of the polypeptide chain, while the NADPH 















domains  rotate 66  about  the ‐strands of  the  linker  region  (Figure 1.13A). This  rotation 
would  expose  the  active  site  thiols  in  NTR  enabling  them  to  react  with  the  active  site 
disulfide  of  Trx  (Figure  1.13B).  Simultaneously  the  isoalloxazine  ring  system  would  be 
brought  in  contact with NADPH, which enables  reduction of  FAD.  This  conformation was 




conformation  (A)  electrons  are  transferred  from  the  isoalloxazine  ring  system  of  FAD  to  the  active  site 
disulfide. After a 66°  rotation around  the  linker domain  (shown as black  lines) FAD  is  instead positioned  to 






1994)  structures  are  available  for  NTRs  from  a  range  of  prokaryotes  including 
Mycobacterium tuberculosis (Akif et al., 2005), Helicobacter pylori (Gustafsson et al., 2007; 






the  NTR‐B  from  Arabidopsis  thaliana  (Dai  et  al.,  1996)  and  HvNTR2  from  barley 
(Kirkensgaard et al., 2009, see Chapter 2). A majority of the deposited structures shows NTR 
in the FO conformation, except the structures of NTR from Campylobacter jejuni (pdb 3R9U, 
Osipiuk  et  al.,  unpublished)  and  Thermoplasma  acidophilum,  the  latter  apparently  not 
utilising NADPH as electron donor (pdb 3CTY, Hernandez et al., 2008). HvNTR2 is neither in 
the FO nor the FR conformation, but resembles the FO conformation most (see Chapter 2). 
Lennon  et  al.  (2000)  succeeded  in  trapping  NTR  from  E.  coli  (EcNTR)  in  the  FR 
conformation  by  cross‐linking  it  with  EcTrx  through  an  intermolecular  disulfide  bond 
between cysteine residues from the two active sites. The general mechanism of the redox 




cysteines  in  the active site dithiol motif which are not part of  the  intermolecular disulfide 
are mutated  to  serines  (Figure 1.14B)  (Wang et al., 1996). An activated mixed disulfide  is 
initially  formed by  conjugation of TNB  to  the  single‐cysteine mutant of Trx, by a  reaction 
with DTNB  (5,5'‐dithiobis‐(2‐nitrobenzoic acid),  i.e. Ellman's  reagent). The activated mixed 
disulfide is attacked by the free cysteine of NTR releasing TNB. TNB is a good leaving group 







Figure 1.14. Mechanism of the redox reaction between NTR and Trx  (A) and the strategy  for  formation of a 
stable mixed disulfide (B). (A) One of the cysteines from NTR makes a nucleophilic attack on the disulfide of Trx 
(I) and forms an intermolecular mixed disulfide intermediate (II). The mixed disulfide is attacked by the other 
cysteine  of NTR  to  release  the  reduced  Trx  and  oxidised NTR  (III)  (B) An  activated  disulfides  is  formed  by 
conjugation of TNB  to a  single‐cysteine mutant of Trx. The disulfide  is attacked by  the  cysteine of a  single‐
cysteine mutant of NTR  (I)  to  form a  stable mixed disulfide and  the  release of TNB, which can be  followed 
spectrophomotetrically at 412 nm (II). Figure adapted from Maeda et al., 2006a. 
 
The crystal structure of EcNTR cross‐linked  to EcTrx  (Lennon et al., 2000)  supported 
the reaction mechanism proposed by Waksman et al.  (1994). The complex  illustrates how 
FAD is oriented for reduction by NADPH (Figure 1.15) and the reduced active site cysteines 
are  exposed  for  Trx  binding  in  the  FR  conformation.  In  a  previous  study,  Lennon  and 
Williams (1997) have studied the reductive half‐reaction of NTR, which includes reduction of 
FAD by NADPH. It was shown that no single step  in this reaction was solely rate‐limiting  in 

































In addition  to  the  sources of ROS mentioned  in  Section 1.1.1  the  chloroplasts  is an 
important  site  of  ROS  production  in  plants.  Thus,  superoxide  is  formed  due  to  electron 
leakage  from  the  photosynthetic  electron  transport  chain  and  is  converted  to  hydrogen 
peroxide by dismutation (Møller, 2001; Foyer and Noctor, 2003).  
Another  source  of  superoxide  is  found  in  the  apoplast, which  is  the  free  diffusible 
space outside  the plasma membrane. Here  the membrane bound NADPH oxidase  (Figure 
20 
 





GSH play  important roles  in plants, where  it  is found  in many tissues and subcellular 
compartments. Hence, it is not only important in the maintenance of the redox balance but 
is  also  involved  in  detoxification  of  heavy  metal  and  xenobiotic  (foreign  to  the  cell) 
compound as well as in cell signalling. GSH reacts both with hydrogen peroxide and with the 
reactive  nitrogen  species  (RNS)  nitric  oxide  forming  the  derivative GSNO  (Rouhier  et  al., 
2008).  
Approximately  30  isoforms  of  Grx  are  described  in  the  model  plant  Arabidopsis 
thaliana. Depending on their redox‐active centre these are grouped  in three classes of the 
CSY(C/S)‐, CGSF‐, and CC‐type. Some plant Grx have been shown to bind iron‐sulfur clusters 
and  deliver  them  to  enzymes  on  demand  (Rouhier  et  al.,  2008).  Furthermore,  Grxs  are 







in a  short and a  long version, where  the  longer version  contains an N‐terminal  sequence 
targeting  them  for mitochondria or chloroplast  (Figure 1.16D, Laloi et al., 2001). NTR‐C  is 
found  in some cyanobacteria, green algae and plants  including A. thaliana, rice (Serrato et 
al.,  2004)  and  barley  (Wulff  et  al.,  2011),  and  acts  as  an  electron  donor  to  2‐Cys 
peroxiredoxin (Alkhalfioui et al., 2007). The discovery of NTR‐Cs in chloroplasts suggests the 
presence of an NTR/Trx system  in addition to the Fdx/Trx system (described below)  in this 





essential,  since double NTR knockout mutants of A.  thaliana were both viable and  fertile 
(Reichheld et al., 2007). However, they had a phenotype of slower plant growth, wrinkled 
seeds  and  reduced  fitness.  Trx  was  found  to  be  not  fully  oxidised  in  the  NTR  mutant 
suggesting  the existence of an alternative mechanism of Trx  reduction.  Interplay with  the 










due  to  the  increased  generation  of  ROS  caused  by  photosynthesis  and/or  to  genome 
duplication (Meyer et al., 2008). For  instance, 41 genes of Trx and Trx‐like sequences have 
so  far been  identified  in  the  genome of A.  thaliana  (Chibani  et al.,  2009).  Plant  Trxs  are 
grouped into types (f, m, x, y, h, o, and s) based on sequence similarity. In general Trxs‐m, ‐f, 
‐ x, and ‐y are localised in the chloroplasts whereas Trx‐o is localised in mitochondria (Meyer 
et al., 2005). Trx‐s seems to be unique to M. truncatula and  is  located  in ER (Alkhalfioui et 
al.,  2008).  The  h‐type  Trxs  are mainly  cytosolic  but  have  also  been  located  in  other  cell 
compartments  including the nucleus and mitochondrion  (Meyer et al., 2002; Meyer et al., 
2005). Trx‐h was also shown  to be  transported  to  the phloem sieve  tubes  in e.g.  rice and 
maize (Ishiwatari et al., 1995, 1998; Santandrea et al., 2002). 
Trx‐f and ‐m are members of the ferredoxin (Fdx)/Trx in chloroplasts (Figure 1.17). This 
system  is coupled  to photosynthesis.  In  the photosynthesis reaction, electrons are excited 
due to light absorbed by photo system II (PS II) and I (PS I), and are transferred to Fdx. Fdx 
has an active  site  consisting of an  iron‐sulfur  [Fe2S2]  cluster  (Figure 1.18), where  the  iron 
atoms  are  tetrahedrally  coordinated  by  inorganic  sulfur  atoms  and  the  sulfurs  of  four 




Figure  1.18).  FTR  contains  an  iron‐sulfur  [Fe4S4]  centre  but  in  addition  it  has  a  proximal 





Trx‐f  or  ‐m  are  both  bound  to  ferredoxin‐thioredoxin  reductase  (FTR), which  contains  both  an  iron  sulfur 
centre [Fe4S4] and a disulfide bond. Electrons are transferred one at a time from Fdx via FTR to the active site 





sites  (Dai  et al., 2007). After  transfer of one electron  from  Fdx  to  FR,  an  intermediate  is 
formed  (Figure  1.18) where  one  of  the  cysteines  from  the  FTR  dithiol motif  attacks  the 
disulfide of Trx  forming an  intermolecular disulfide between FTR and Trx. Meanwhile,  the 
other  cysteine  of  the  FTR  disulfide  is  coordinated  to  the  iron  cluster.  After  transfer  of 
another  electron  from  the  Fdx  iron‐sulfur  cluster  the  intermolecular  bond  is  cleaved, 
rendering  Trx  in  the  reduced  form  (Dai  et  al.,  2007).  In  turn  Trx‐m  or  ‐f,  reduces  target 
proteins  in  the  chloroplast  (Ruelland  and  Miginiac‐Maslow,  1999).  These  include  key 
enzymes  in the Calvin cycle and pentose phosphate pathway: Trx‐f  is specific  for  fructose‐
23 
 
1,6‐bis‐phosphatase  and  Trx‐m  for  NADP‐malate  dehydrogenase  (Buchanan  and  Balmer, 




at  least eight  isoforms of Trx‐h. The h‐type Trxs  can be  further divided  into  three groups 
based on sequence similarity (Gelhaye et al., 2005). Subgroup I contains cytosolic Trxs, and 
some members  containing a RKDD motif proposed  to be  involved  in  cell‐to‐cell  transport 
through plasmodesmata (Ishiwatari et al., 1998). Proteins from subgroup II have extensions 
in the N‐terminal end and are translocated to mitochondria, the plasma membrane, or the 





Specific  physiological  roles  have  been  assigned  to  individual  Trx‐h  isoforms  which 





example,  HvTrxh5 was  required  for  sensitivity  toward  the  fungal  pathogen  Cochliobolus 
Victoria,  which  causes  the  disease  victoria  blight  (Sweat  et  al.,  2007).  Insight  into  the 






AtTrxh3: AtTrxh2  restored  sulfur  assimilation  but  did  not  increase  tolerance  to hydrogen 
24 
 


















Figure 1.19. The  catalytic mechanism proposed by Koh et al.  (2008) of h‐type Trxs  from  subgroup  III.  (I‐III) 
These Trxs react with a protein target in the same way as other Trxs (compare with Figure 1.7). (IV) The CN–CC 
disulfide is then attacked by a third N‐terminal cysteine (CNT) leading to the formation of a CNT–CN disulfide. (V) 
CNT  is  attacked  by  reduced  glutathione  (GS‐)  and  (VI)  the  glutathione  is  released  from  CNT  by  Grx.  Figure 
adapted from Hägglund et al.,2009. 
 
As  mentioned  above  the  NTR/Trx  system  is  involved  in  the  regulation  of  many 
different systems  in plants via  thiol  redox control.  In mitochondria  the  role of  the system 
has  been  linked  to  fundamental  processes  including  the  citric  acid  cycle  and  associated 
reactions  as  well  as  photorespiration,  lipid  metabolism,  electron  transport,  ATP‐ 







et al., 2006a, 2008). With  the exception of an elongated alpha helix  (α1)  (Figure 1.6)  the 
structures of Trx‐h are  in general  similar  to other  types of Trxs  (Schürmann and  Jacquot, 





The  barley  seed  consists  of  several  tissues  which  plays  various  roles  during  seed 
germination and seedling growth. The seed is typical for monocots and contains a seed coat, 
a  large  endosperm,  and  an  embryo  (Figure  1.20).  The  embryo  contains  all  necessary 
components  to  grow  into  a  new  plant  with  the  endosperm  providing  supplementary 









the  germination  signal,  is  newly  synthesised  in  the  embryo  and  diffuses  to  the  aleurone 
layer.  In  the  freshly  imbibed  seeds  the  aleurone  cells  are  filled with  vacuoles  containing 
proteins and phytic acid  (which  is the principal storage  form of phosphorus  in many plant 
tissues). When the aleurone cells receive the GA signal from the embryo the content of the 
vacuoles are hydrolysed to provide amino acids and  inorganic compounds. These are used 
by  the  aleurone  cell  to  produce  hydrolytic  enzymes  such  as  α‐amylase,  limit  dextrinase, 
proteases and nucleases, which are released into the starchy endosperm (Bewley and Black, 
1994;  Ritchie  et  al.,  2000).  At  least  40%  of  the  newly  synthesised  protein  in GA‐treated 





Figure 1.20.  Structure of  the barley  seed and  the  role of Trx‐h. The  seed  consists of  an embryo, a  starchy 
endosperm surrounded by the aleurone layer and the seed coat. Upon water uptake the plant hormone GA is 
transported from the embryo to the aleurone layer, which in turn secretes proteases and amylolytic enzymes 
into  the starchy endosperm. The degraded components are supplied  to  the embryo. Trx‐h converts storage 
proteins  to  the  reduced  state  increasing  their  solubility  and  susceptibility  to  proteolysis.  Furthermore, 




disulfide bonds  in endosperm  storage proteins  (gliadins and glutenins)  thereby  increasing 
their  solubility and  susceptibility  to proteolysis. Furthermore, BASI and other  inhibitors of 
trypsin  and  amylolytic  enzymes  are  inactivated  by  Trx‐h  in  vitro,  whereas  the  protease 
thiocalsin is activated (Besse et al., 1996; Kobrehel et al., 1992). Moreover, transgenic seeds 
overexpressing  Trx‐h  in  barley  endosperm  display  increased  amount  and  activity  of  α‐
amylase (Wong et al., 2002). Also an enhancement of GA synthesis was observed  in these 
seeds, suggesting that Trx‐h may communicate with the embryo (Figure 1.20). However, the 
increased  amount  and  activity  of  α‐amylase was  also  observed  in  deembryonated  grains 
overexpressing Trx‐h,  indicating that Trx‐h has a direct effect on the aleurone  layer (Figure 
1.20, Wong et al., 2002). In proteome analysis of seeds from barley, Hordeum vulgare, two 
isoforms  of  Trx‐h  with  51%  identity  were  identified  and  termed  HvTrxh1  and  HvTrxh2 
(Maeda et al., 2003). They were found to have overlapping spatiotemporal appearance and 






There  are  two  types  of  GA  receptors  in  the  aleurone  layer,  including  soluble  and 
membrane‐bound forms (Ueguchi‐Tanaka et al., 2007). In the nucleus of the barley aleurone 
cell the transcription factor GAmyb (which mediate the GA response) is not present prior to 
the  GA  signal  since  the  protein  SLN1  represses  the  gene  encoding  GAmyb  (Figure  1.21,  
Chandler  et  al.,  2002).  Upon  imbibition  GA  interacts  with  a  membrane‐associated  GA 
receptor of the aleurone cell and via second messengers a decrease of SLN1 concentration 
occurs,  either  by  blocking  its  translation  or  modifying  the  active  SLN1  in  a  way  that 















most  important  external  ones  are water,  temperature,  oxygen  and  sometimes  light  and 
darkness. However, the seeds of many plants are dormant at harvest and do not germinate 
even  under  favourable  conditions.  These  seeds  need  more  time,  and/or  specific 
environmental conditions before they germinate. Thus, dormancy disappears with time in a 











1993).  Instead of adding  the NTR/Trx components  in vitro one could potentially use  flour 
from transgenic wheat seeds overexpressing these proteins in the grain as done by Li et al. 
(2009).  
As  mentioned  previously  transgenic  barley  seeds  overexpressing  Trx‐h  display 
increased α‐amylase and limit dextrinase activity and germinate earlier than wild‐type seeds 
(Wong  et  al.,  2002;  Cho  et  al.,  1999).  These  parameters  are  important  for  the malting 
process in beer production suggesting potential applications of transgenic Trx‐h barley seeds 
in the brewing industry.  
Other  applications  include  meat  packaging  where  addition  of  Trx  potentially  may 
suppress  cross‐linking  of myosin  heavy  chains  by  disulfides, which  reduces  juiciness  and 
tenderness of meat  (Lund et al., 2007). Furthermore,  the NTR/Trx system may potentially 
find applications in production of buttermilk and cheese where gram‐positive bacteria such 
as  Lactococcus  lactis  are  used  in  starter  cultures.  These  bacteria  typically  lack  genes 










structure/function of the  involved proteins and  investigate how NTR and Trx  interact with 
one  another.  As  mentioned,  at  the  outset  of  this  project  structures  had  already  been 
obtained  for  the  two Trx  isoforms  from barley, HvTrxh1 and HvTrxh2, but no structure of 
barley  NTR was  available.  A  crystal  structure  of  one  of  the  NTR  isoforms,  HvNTR2, was 
obtained during this PhD (Chapter 2, Appendix E). It was further attempted to produce and 
crystallise  a  complex  of HvNTR2  bound  covalently  through  an  intermolecular  disulfide  to 
HvTrxh2 (HvNTR2:HvTrxh2) similar to the complex of EcNTR:EcTrx described above (Chapter 
3).  This  disulfide  is  established  between  cysteines  from  the  active  sites  of  HvNTR2  and 
HvTrxh2  and  therefore  such  a  complex  is  believed  to  resemble  an  intermediate  of  the 
catalytic cycle between the two proteins. The attempt to produce, purify and crystallise this 
complex  is described  (Chapter 3).  Furthermore,  the dependence of NADPH/NADP+  in  the 
complex  formation was  studied  (Chapter 3).  Since no  crystal  structure of  the  complex of 
HvNTR2:HvTrxh2 was obtained, a model of this complex was build based on existing crystal 
structures using homology modelling with EcNTR:EcTrx as template (Chapter 4, Appendix F). 
The model provides  insight  into which residues and  loops could be  involved  in the binding 
between  HvNTR2  and  HvTrxh2.  To  further  elucidate  the  role  of  these  residues  a 
comprehensive mutational study was combined with enzyme kinetics (Chapter 5, Appendix 
F). Furthermore,  the  thesis  includes reflections concerning  the catalytic mechanism of  the 
interaction between HvNTR2 and HvTrxh2 (Chapter 6). As mentioned in the preface part of 
the PhD  study was carried out at CSIRO, Australia. Here  the expression  levels of HvNTR1, 
HvNTR2,  HvTrxh1,  HvTrxh2  and  α‐amylase  in  different  tissues  of  barley  seeds  were 
examined  by  Q‐PCR  and  micro‐array  data  analysis.  The  effects  of  the  plant  hormone 
gibberellic acid, dormancy/after‐ripening and light/darkness on these expression levels were 








This  chapter describes  crystallisation  as well  as  structure determination of HvNTR2, 








Section  2.4.1).  Initial  crystallisation  trials  were  performed  using  a  PEG6000  grid‐screen 
(Hampton  Research)  and  the  hanging  drop  vapour  diffusion method  (2  μL  2.5 mg mL‐1 
protein was mixed with 2 μL well solution). After 4 d at 22°C yellow needle clusters were 
detected  in 5% (w/v) PEG6000, 0.1 M citric acid pH 4.0 (Figure 2.1A). A screen around this 

















using  additional  cryo‐protectants.  This  was  possible  due  to  the  high  concentration  of 
PEG400. One of the crystals diffracted to 2.6 Å. Data was collected as described  in Section 









the crystals. The other  isoform, HvNTR1, was also purified and attempts  to crystallise  this 











Parameters  for  the  refined model of HvNTR2 are summarised  in Table 2.1. The  final 
model contains  two molecules  in  the asymmetric unit, covering residues 6―323  (chain A) 
and 5―323 (chain B), respectively. The numbering refers to the amino acid sequence of the 




density  fitted  reasonably well with  two  citrate molecules  accidentally  present  from  the 
crystallisation  conditions  (real‐space  R‐factor  =  0.7―0.9).  High  B‐factors  but  continuous 
main chain electron density  is found  in the N‐terminal (residues 6―12), the  loop between 
A1  and  B3  (residues  33―35),  B5  and  surrounding  loops  (residues  96―105),  the  loop 
between B10 and B11 (residues 153―158), B12 and surrounding loops (residues 174―196) 
and  B15  and  surrounding  loops  (residues  220―245)  (See  Supplementary  Figure  1  in 
Appendix E for numbering of the α‐helices and β‐sheets). The highest B‐factors are found in 
the C‐terminal part of  the FAD domain. The  two molecules  in  the asymmetric unit can be 





Table 2.1 Data collection and  refinement statistics. Values  in parenthesis are  for  the highest  resolution bin. 
Table from Kirkensgaard et al., 2009. 
  HvNTR2
Data collection  
 Resolution (Å) 49.9―2.60 (2.74―2.60) 
 No. of unique reflections 27423 (3937) 
 Redundancy 7.1 (7.3) 
 Completeness (%) 99.6 (99.6) 
 Rsym† (%) 6.6 (35.0) 
 ‹I›/‹I› 18.4 (4.4) 
 Wilson B-factor (Å2) 59.8 
Refinement  
 No. of amino acid residues 635 
 No. of water molecules 48 
 Rcryst‡ (%) 19.0 
 Rfree‡ (%) 23.8 
 Estimated coordinate error (Å) 0.33 
R.m.s.d. from  ideal geometry  
  Bonds (Å) 0.011 
  Angles (˚)  1.329 
B-factors (Å2)  
  Protein (A chain/B chain) 59.2/60.9 
  FAD 39.3 
  Solvent 43.8 
Ramachandran plot  
  Most favoured (%) 82.8 
  Additionally allowed (%) 16.1 
  Generously allowed (%) 1.1 
  Disallowed (%) 0.0 
 
†  Rsym  =  ∑hkl∑i│Ii‐‹I›│/  ∑‹I›, where  ‹I›  is  the mean  intensity  of  the N  reflections with  intensity  Ii.  ‡  Rcryst  = 






As other  low molecular weight  (LMW) NTRs, HvNTR2  forms a homodimer with each 
subunit having two domains; the FAD and the NADPH domain (Figure 2.3). The two domains 
are quite similar to each other with 82 superimposable C‐atoms giving a r.m.s.d. of 2.4 Å. 






two domains are connected by  two anti‐parallel  β‐strands  (amino acid  residues 124―126 
and 255―257), which per tradition are assigned to the FAD domain (Figure 2.3). Only few 











The  overall  structure  of  HvNTR2  is  similar  to  other  LMW  NTRs  (Dai  et  al.,  2006; 
Waksman  et  al.,  1994;  Zhang  et  al.,  2009).  Superposition  of  HvNTR2  Cα‐atoms with  the 




AtNTR‐B and  the other  LMW NTRs  in  the  FO  conformation  (Figure 2.3);  the difference  in 
orientation of the NADPH and FAD domains of HvNTR2 and AtNTR‐B can be described by a 









of  the  otherwise  bright  yellow  colour  of  the  crystals  when  they  are  subjected  to  a 
concentration of 10 mM NADPH for 30 min (the crystals crack upon this treatment). 
If  the  structure  of  AtNTR‐B  is  compared  with  that  of  EcNTR  in  the  FR  state  (pdb 
accession  1F6M,  Lennon  et  al.,  2000)  they  differ  by  a minor  translation  of  1 Å  and  by  a 
substantial  65.6°  rotation  about  the  two  ‐strands  connecting  the  domains.  However, 
comparing  the  structure  of  EcNTR  in  the  FR  conformation with  the  structure  of HvNTR2 
shows that they differ by a 6.7% closure, a translation of ‐1.4 Å and a rotation of 49.8°. The 
smaller  rotation of 49.8° compared  to 65.6°  (for AtNTR)  indicates  that HvNTR2  is actually 




are minor  variations  in  the  relative  orientation  of  the  two  domains.  Superposition with 
EcNTR  in  the FO conformation  requires an 8°  inter‐domain  rotation  for both AtNTR‐B and 
ScNTR  (Zhang  et  al.,  2009)  and  an  11°  rotation  in  the  case  of MtNTR  (Akif  et  al.,  2005) 
indicating that the relative position of the two domains in the absence of a target substrate 
is  quite  flexible. A  room  temperature  structure  of AtNTR‐B  is  reported  to  be  2°  off with 






Besides  HvNTR2,  the  structure  of  AtNTR‐B  is  the  only  other  available  plant  NTR 
structure. As mentioned, the two proteins have 75% sequence  identity. A superposition of 
the  FAD  domains  (Figure  2.3A)  shows  very  similar  orientation  of  loops,  α‐helices  and  β‐
sheets,  and  the  aforementioned  variation  in  relative  domain  orientation.  Some  major 
structural differences are observed  in  two  loop  regions,  if  the NADPH domains alone are 
superimposed  (Figure 2.3B). The  long  loop  region between  strand B9 and B10  contains 4 
additional  protruding  residues  in  AtNTR‐B.  The  C‐terminal  end  (called  Loop  1  in  the 
following, Figure 2.3B and 2.4) of this loop has the sequence G/E‐E/K/T/D‐G/A‐N/P/S‐G/N‐G‐
F/Y‐W‐N‐R‐G  in  the  dicot  NTRs  examined  here  (the  four  extra  residues  are  missing  in 
Populus  trichocarpa), while monocot NTRs of  the A/B  type have  the  shorter  sequence D‐
T/A‐F/Y‐W‐N‐R‐G  (Figure  2.4  and  Appendix  E:  Supplementary  Figure  1).  The  residues 
Trp138HvNTR2  and  Asn139HvNTR2  from  Loop  1  vary  among  species  and were  suggested  by 
Oliveira  et  al.  (2010)  to  contribute  to  the  species‐specificity. Notably,  these  residues  are 
conserved in plant LMW NTRs (Figure 2.4). 
   A second loop (called the Glycine‐loop in the following) is located between ‐strand 
B14 and B15  (Figure 2.3B and 2.4). This  loop  is glycine‐rich  in HvNTR2 and other monocot 
NTRs, where a G‐G‐A/E/S‐N/G/D‐G‐G‐P motif  is  found. The  loop  is  flexible as seen  from a 








Figure 2.4. Segment of a  sequence alignment of NTRs  from different plants  covering  the  two variable  loop 
segments in plant NTRs. The complete alignment can be found in Appendix E: Supplementary material Figure 
1. The NTRs and  their accession numbers  in parentheses are HvNTR1  (EU314717), HvNTR2  (EU250021) and 
HvNTRC  from Hordeum vulgare  (barley), TaNTR1  (Q8VX47) and TaNTR2  (TC297680)  from Triticum aestivum 
(wheat),  OsNTR1  (Q69PS6),  OsNTR2  (Q6ZFU6)  and  OsNTRC  (Q70G58)  from  Oryza  sativa  (rice),  ZmNTR1 
(EU966898), ZmNTR2 (BT054285) and ZmNTRC (BT037345) from Zea mays (maize), AtNTRA (Q39242), AtNTRB 
(Q39243)  and AtNTRC  (O22229)  from Arabidopsis  thaliana  (Mouse‐ear  cress),  PtNTRA  (AC149479),  PtNTRB 
(XM_002317595)  and  PtNTRC  (XM_002308899)  from  Populus  trichocarpa  (western  balsam  poplar)  and 


















in  Loop  1  (Figure  2.5).  This  loop  contains  an  arginine  residue  (Arg130EcNTR  in  EcNTR) 
conserved  in plant NTR  sequences  (Arg142AtNTR‐B  in AtNTR‐B and Arg140HvNTR2  in HvNTR2) 
(Figure  2.4).  It  is  also  conserved  in  many  NTR  sequences  from  other  species  but  is 
occasionally  substituted with  lysine  or  asparagine.  Arg130EcNTR  forms  three  out  of  seven 
hydrogen bonds to EcTrx upon binding of the substrate in the EcNTR FR conformation (pdb 
accession 1F6M, Figure 2.6). The neighbouring Gly129EcNTR and Ala237EcNTR within its spatial 







accessible surface of  the other  in orange. Residue Gly129HvNTR2 and Arg130HvNTR2  in the NADPH domain  form 
the only hydrogen bonds  to the FAD domain  in  the FO conformation. These residues  (yellow)  together with 
Ala237 provides all (five) of the hydrogen bonds formed upon Trx binding to the FR conformation. The residues 









conformation  (grey, pdb: 1F6M) covalently bound  to Trx  (yellow). HvNTR2  is coloured according  to domain; 
blue is the FAD domain, green is the NADPH domain and pink is the ‐sheet linker between the two domains. 
(A) The hydrogen bonds between  residues  in EcNTR  (red)  and Trx  (cyan)  are  indicated by dotted  lines.  (B) 







A proposed  reaction mechanism based on  the structure of HvNTR2  (Kirkensgaard et 
al., 2009; Appendix E) is described below and also discussed in Chapter 6. 
The  area providing  the  inter‐domain  contacts between  the NADPH domain  and  the 
FAD domain in the FO state in both EcNTR and AtNTR‐B supplies all hydrogen bonds specific 
for Trx binding besides the ones in the active site (Figure 2.5 and 2.6). If Trx is bound to this 
area already  in the FO conformation the  inter‐domain contacts are  lost and replaced with 





helix  has  been  predicted  to  bind  to  Trx  (Zhang  et  al.,  2009).  Dicot  NTRs  have  a  strictly 
conserved  E‐G‐W‐M‐A‐N‐D‐I‐A‐P‐G‐G  sequence  in  this  area, while monocot  NTRs  display 
more  sequence  variation  and  invariably have  the proline exchanged with  an  alanine  (see 
Chapter  4;  Figure  4.5A).  Simultaneous  binding  of  Trx  to  the  FAD‐loop  and  active  site 
cysteines would require the NTR domain twist to have occurred.  
If  the  structure  of  HvNTR2  indeed  is  an  intermediate  between  the  FO  and  the  FR 
conformation,  it  can  be  postulated  that  there  is  not  room  for  bound NADPH  during  the 
domain  rotation  step  (Figure  2.7B,  clashes between NADP+  and HvNTR2  are  circled).  The 













2009) depicted with NADP+  from pdb accession 1TDF. Clashes between  the  two are circled.  (C) EcNTR  (pdb 
accession  1F6M,  Lennon  et  al.,  2000)  in  the  FR  conformation  from  a  complex  with  Trx  (purple  in  the 
background)  depicted with NADP+  from  pdb  accession  1TDF.  (D)  Same  as  (C)  but  depicted with  3‐amino‐
















of  differences  in  inter‐domain  interactions  and  lack  of  space  for  NADPH  binding  in  the  HvNTR2  crystal 
structure into account. Hydrogen bonds are shown by dotted lines. Trx is proposed to be partially bound in the 




Hexagonal  protein  crystals  of  recombinant HvNTR2 which  diffracted  to  2.6  Å were 
obtained. The structure consists of the FAD binding domain and the NADPH binding domain, 
and  is  very  similar  to  other  LMW  NTRs.  However,  the  relative  orientation  of  the  two 
domains  is  quite  different  from  those  in  AtNTR‐B  and  other  LMW  NTRs  in  the  FO 
conformation. The difference in orientation of the NADPH and FAD domains of HvNTR2 and 
AtNTR‐B  can  be  described  by  a  38.2%  closure,  a  1.0 Å  translation  and  a  24.7°  rotational 
twist. It is suggested that this structure represents an intermediate between the FO and the 
FR  conformation  indicating  that  the  conformational  change  does  not  occur  as  a  pure 
rotation, but could also  involve bending of one domain relative to the other. The observed 
structure of HvNTR2 is not able to accommodate NADPH (Figure 2.7B). The NADPH binding 
site  in  the  FR  conformation  of  EcNTR  (bound  to  ExTrx)  is  relatively  open  and  may  be 
accessible  to NADPH  (Figure 2.7C). Therefore  it  is  suggested here  that NADPH binds NTR 
after  the  shift  to  the  FR  conformation.  The  relative  position  of  the  domains  in  HvNTR2 
increases the accessibility near the active site cysteines compared to other LMW NTRs in the 

























Research  additive  screen.  Optimised  results were  obtained with  24%  (w/v)  PEG400,  2% 
(w/v) of  the polyetheramine  Jeffamine® M‐600, 0.1 M  citric acid‐buffer pH 3.5, a protein 
concentration  of  5.7 mg mL‐1  and  a  temperature  of  25°C.  These  conditions  gave  bright 
yellow  crystals with  hexagonal morphology within  a week.  The  diameter  of  the  crystals 
reached up to 0.18 mm. The crystals were flash‐frozen directly from the drop without using 
additional cryo‐protectants. 
The  final  X‐ray  data  set was  collected  at  100  K  at  the  ID14‐2  beamline  at  ESRF  in 
Grenoble using a wavelength of 0.933 Å. A total of 120 frames were collected each covering 
an oscillation width of 0.5°. The data were  indexed and  integrated using MOSFLM  (Leslie, 




group  P6222  with  unit  cell  parameters  a  =  b  =  133.7  Å  and  c  =  166.1  Å.  Assuming  2 




Molecular  replacement  was  performed  with  the  program  MOLREP  (Vagin  and 
Teplyakov, 2000) from CCP4 using the structure of AtNTR‐B as the initial search model. The 
HvNTR2  and  AtNTR‐B  sequences  are  75%  identical.  Significant  molecular  replacement 
solutions  were  only  found  when  the  FAD  and  the  NADPH  domains  were  used  as 
independent search models. The model was first refined using REFMAC5 (Murshudov et al., 
1997) and at  later stages using Phenix  (Adams et al. 2002). This  including TLS  (Translation 
Libration Screw‐motion) refinement to describe anisotropic displacement  interspaced with 




The  two molecules  in  the  asymmetric  unit, which  do  not  represent  the  functional 
dimer, were divided  in 5 TLS segments each using  the TLSMD server  (Painter and Merritt, 
2006).  The  TLS  segments  in  the  A molecule  in  the  asymmetric  unit  are  residues  6―71, 







to  the  appropriate  size  and  geometry  of  this  molecule  and  presence  of  citrate  in  the 
crystallisation conditions. Two citrate  ions are bound  in each NADPH domain. Some excess 
2Fobs‐Fcalc electron density  in the active site adjacent to the FAD  isoalloxazine could not be 




suite with  a  1.4  Å  radius  probe  (Collaborative  Computing  Project,  1994).  Differences  in 
domain  orientation  were  analysed  using  the  DynDom  server  (Hayward  and  Lee,  2002). 
Superpositions were  done  in  Coot  (Emsley  and  Cowtan,  2004).  Inter‐domain  and  ligand 
interactions were plotted using the program LIGPLOT (Wallace et al., 1995). The molecular 


















described  in Chapter 1, Section 1.1.6.2. As mentioned,  Lennon et al.  (2000)  succeeded  in 
solving the crystal structure of NTR from E. coli trapped in the FR conformation through an 
intermolecular disulfide bond  to EcTrx. The disulfide was  formed between  the active  site 
cysteines, and thus the crystal structure of this binary complex  is suggested to represent a 
reaction  intermediate  (Chapter  1,  Figure  1.15,  Lennon  et  al.,  2000).  Comparison  with 
structures of LMW NTRs of eukaryotic origin in the FO conformation from A. thaliana (Dai et 
al., 1996) barley  (Kirkensgaard  et al., 2009)  and  yeast  (Zhang  et al., 2009; Oliveira  et al., 
2010) suggests major differences  in  the putative Trx‐NTR  interface area. To obtain  insight 





Section  4.2.3).  Hence,  the  HvTrxh2  isoform was  used  for  NTR:Trx  complex  formation  to 
enable comparison of features involved in Trx target recognition and the elements involved 
in  binding  to  NTR.  HvNTR2  was  selected  as  partner  for  complex  formation  since  the 
structure of this isoform has been determined (Kirkensgaard et al., 2009) and has previously 
been shown to react most efficiently with HvTrxh2. The kcat/Km ratios were thus determined 











In EcNTR Cys138EcNTR  is proposed to  initiate formation of the  intermolecular disulfide 
bond through nucleophilic attack on EcTrx (Chapter 1, Figure 1.15; Lennon et al., 2000). This 
amino acid residue corresponds to Cys148HvNTR2  in HvNTR2. The positions of the active site 
cysteines of HvNTR2  in  the FR conformation were modelled by superposing  the  individual 
domains  from  the  crystal  structure  of  HvNTR2  described  in  Chapter  2  (pdb  2WHD, 
Kirkensgaard  et  al.,  2009)  to  the  corresponding  domains  of  EcNTR  from  the  EcNTR:EcTrx 
complex (Lennon et al., 2000) using Coot (Emsley and Cowtan, 2004). The resulting model is 
displayed in Figure 3.1 (a more comprehensive modelling of HvNTR2 in the FR conformation 
is  presented  in  Chapter  4).  Cys145HvNTR2  appears  more  buried  in  this  rough  model,  as 
assessed from the calculated solvent accessible surface areas for Cys148HvNTR2 (89.10 Å2) and 
Cys145HvNTR2  (15.6 Å2) using  a  1.4 Å probe  in  the program AreaiMol  from  the CCP4  suite 
(Collaborative Computing Project, 1994).  
These  observations  suggest  that  Cys148HvNTR2  is  likely  to  be  involved  in  the  initial 
nucleophilic attack on the disulfide bond  in HvTrxh2. To  investigate this further, the single 
cysteine  mutants  HvNTR2_C145S  and  HvNTR2_C148S  were  produced  and  purified  (see 
Methods and Material, Section 3.4.1). These mutants were reacted with HvTrxh2_C49S‐TNB, 
a  single  cysteine  mutant  of  HvTrxh2  activated  with  2‐nitro‐5‐thiobenzoate  (TNB)  as 
described  in Section 3.4.2, and the release of TNB was  followed spectrophotometrically at 
412  nm.  The  NTR  mutants  were  first  treated  with  10  mM  DTT  for  30  min  at  room 
temperature,  and  excess DTT was  removed  using  a NAP‐5  column  prior  to  the  complex 
formation. Both HvNTR2_C145S and HvNTR2_C148S were able to react with HvTrxh2_C49S‐









domains of EcNTR  (green)  in  the FR conformation bound by an  intermolecular disulfide  to EcTrx  (magenta) 
(pdb  1F6M,  Lennon  et  al.,  2000). HvNTR2  is  in  the  oxidised  state with  a  disulfide between  C145HvNTR2  and 











It was previously  shown  that  the complex  formation was  faster when EcNTR_C135S 
was  conjugated  to  TNB  instead  of  EcTrx_C35S. Hence,  the  half  time  (t½)  of  the  reaction 
between EcTrx_C35S and EcNTR_C135S‐TNB was <5 s, whereas t½ of the opposite reaction 
(EcNTR_C135S with  EcTrx_C35S‐TNB) was  ≈1min  (Veine  et  al.,  1998a). However, HvNTR2 
has  three additional cysteines  in  the FAD domain  (Figure 3.3). Cys14HvNTR2  is buried  in  the 
structure, while Cys78HvNTR2 and Cys310HvNTR2 are located at the NTR dimer interface. If part 
of the dimer interface area is exposed during the switch from the FO to FR conformation or 
if an equilibrium exist between dimeric and monomeric  forms of NTR,  there  is a  risk  that 
TNB could react with these additional cysteines of the NTR monomer  instead of the active 
site cysteine. Although this scenario  is probably unlikely, since the dimer  interface  is  large 
and no monomer was observed during size exclusion chromatography (see Chapter 5, Figure 






coloured  by  chain  (cyan  and  green).  For one  of  the monomers  the  surface  is  shown  (cyan)  as well  as  the 


















(45  μM)  was  reacted  with  60  μM  HvTrxh2_C49S‐TNB  and  the  release  of  TNB  monitored  at  412  nm. 





The products of  the  reaction between HvNTR2_C145S and HvTrxh2_C49S‐TNB  (from 
Figure  3.4)  were  separated  by  size  exclusion  chromatography  (Section  3.4.1.2).  The 






Figure  3.5.  Products  of  the  reaction  between  HvNTR2_C145S  and  HvTrxh2_C49S‐TNB  separated  by  size 
exclusion chromatography. After reacting 45 μM HvNTR2_C145S with 60 μM HvTrxh2_C49S‐TNB (blue curve in 
Figure 3.4) for 1h, the resulting products were separated by gel filtration on a HiLoadTM 26/60 SuperdexTM 200 




The  theoretical  molecular  weight  (MW)  of  His‐tagged  HvNTR2_C145S  and 
HvTrxh2_C49S  is  35,941  Da  and  15,313  Da  respectively,  resulting  in  a  predicted MW  of 
approximately  51.3  kDa  and  102.6  kDa  for  a  monomeric  and  a  dimeric 
HvNTR2_C145S:HvTrxh2_C49S complex, respectively. The first peak in the chromatogram is 
located  at  the  column  void  volume  and  most  likely  contains  aggregated  protein,  as 
supported by SDS‐PAGE in the absence of DTT, showing a major protein band at the top of 
the gel  (left gel,  fraction A4, Figure 3.6). Even the SDS‐PAGE gel with DTT treated samples 
shows  both  NTR  dimer  and  larger  oligomers  (right  gel,  fraction  A4  and  HvNTR2_C145S, 
Figure  3.6).  Peak  1  also  contains  a  band  which  match  the  predicted  MW  of  the 
HvNTR2:HvTrxh2 complex  (referred to as NTR:Trx), which disappears upon treatment with 
DTT. Peak 2  shows a  shoulder  towards  the  lower MWs, which  contains mainly Trx dimer 
(expected MW 30.6 kDa) according to the SDS‐PAGE gel (left gel, fractions B8—B5). A band 




dissociated  Trx:NTR  complex  since  the  observed monomeric  form  is  expected  to  show  a 










Further  purification  of  the  pooled  fractions  B7—B12  from  peak  2  (Figure  3.5)  on  a 
MonoQ  anion  exchange  chromatography  column  (Section  3.4.1.3)  resulted  in  two  peaks 
(blue curve Figure 3.7). SDS‐PAGE analysis suggests that the minor peak 1 contains mainly 
Trx  dimer  (lane  2,  Figure  3.8)  in  agreement  with  the  elution  profile  of  HvTrxh2_C49S 
























respectively  (blue  curve,  Figure  3.7),  lane  4  sample  from  rechromatographed  peak  2  (lane  3),  lane  5: 





attempted  to  remove  HvNTR2_C145S  by  other means. Wang  et  al.  (1996)  showed  that 
unreacted EcNTR_C135S has a different solubility profile than the complex of EcNTR:EcTrx. 
By  lowering  the  pH  to  5.4 Wang  et  al. managed  to  precipitate  unreacted  EcNTR_C135S, 
which was removed by centrifugation. The same strategy was applied here in an attempt to 
remove free HvNTR2_C145S from NTR:Trx complex by varying the pH range from 4—7 (see 























A  new  strategy  involved  removal  of  the  His‐tag  from  HvNTR2_C145S  by  aid  of 
thrombin  protease  (Figure  3.10A).  Uncleaved  His‐tagged  HvNTR2_C145S  is  removed  by 
affinity  chromatography  (3.10B)  and  cleaved  HvNTR2_C145S  from  the  flow‐through  is 
reacted with His‐tagged HvTrxh2_C49S  (3.10C). Unreacted HvNTR2_C145S  is  removed  by 















thrombin  in  100 mM  ammonium  acetate,  pH  6.0,  precipitation was  observed  (seen  as  a 
large yellow precipitate in the Eppendorf tube) and almost all had precipitated after 48 h, as 
judged by SDS‐PAGE (almost no visible bands left for the supernatant). Therefore, a range of 
pH  values  (6.0,  7.0  and  8.0),  thrombin:substrate  ratios  (1:200  and  1:20),  and  incubation 
times  (five and 18 h) were  tested  in an attempt  to  limit protein precipitation. There was 
precipitation  in  all  samples which was  removed by  centrifugation  and  supernatants were 
analysed by SDS‐PAGE (see Figure 3.11). 
 
Figure  3.11.  SDS‐PAGE  evaluation  of  cleavage  of  His‐tag  from  HvNTR2_C145S  using  varying  pH  and 
thrombin:substrate ratios. The samples were  incubated for 5 or 18 h  in 150 mM NaCl containing buffer with 
various pH values  (100 mM NH4 acetate pH 6.0, K2HPO4/KH2PO4 pH 7.0 or Tris‐HCl pH 8.0) and precipitates 






with  a  1:20  thrombin:substrate  ratio.  However,  less  soluble  protein  appears  in  samples 
incubated  at  pH  6.0  (most  easily  seen  for  the  dimer  and  the more  oligomerised  bands, 
Figure 3.11), possibly due  to precipitation of HvNTR2_C145S at  lower pH values.  It  is also 
possible  that  the dimer  to a greater extent dissociates  to monomers at  lower pH. With a 
1:20 thrombin:substrate ratio at pH 8.0, some low MW bands were observed, possibly due 
to  self‐cleavage of  thrombin or unspecific activity. Thus, pH 7.0 and 18 h  incubation was 
used  in  subsequent  reactions. Further  trials with various  thrombin concentrations  lead  to 



















(Figure  3.13)  to  separate  unreacted  HvNTR2_C145S  from  the  HvNTR2:HvTrxh2  complex. 
SDS‐PAGE analysis revealed  that  the main peak  (fractions A2—A8, Figure 3.13) apparently 
contained HvTrxh2_C49S with removed His‐tag (lane 3—4 Figure 3.14). The presence of non 
his‐tagged  HvTrxh2_C49S may  be  due  to  residual  thrombin,  possibly  detached  from  the 
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expresses  HvTrxh2_C49S  with  an  N‐terminal  calmodulin‐binding  peptide  (CBP)  with  the 
sequence  (M)KRRWKKNFIAVSAANRFKKISSSGAL  followed by a  thrombin cleavage site  (CBP‐
HvTrxh2_C49S). The use of CBP as an affinity tag is based on the relatively high affinity (Kd = 
1x10–9 M)  for  calmodulin  exhibited  by  this  26‐amino‐acid  fragment  from muscle myosin 
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light‐chain  kinase  at  physiological  pH  in  the  presence  of  calcium  (Figure  3.15A).  Upon 
removal  of  calcium  by  the  chelating  agent  ethylene  glycol  tetraacetic  acid  (EGTA), 
calmodulin  undergoes  a  conformational  change  that  results  in  the  release  of  its  ligand 
(Figure 3.15B). 
 
Figure 3.15. Calmodulin binding peptide  (CBP) purification system.  (A) Calmodulin  from a  resin binds  to  the 
CBP‐tagged  fusion  protein  in  the  presence  of  low  concentrations  of  calcium.  (B)  Calmodulin  changes 
conformation upon  removal of  calcium with 2 mM of  the  chelator EGTA and  the  fusion protein  is  released 
from the resin. Figure from Agilent Technologies, Instruction manual #204300 (see references). 
 
CBP‐HvTrxh2_C49S  was  expressed  in  E.  coli  Rosetta  cells  at  20°C  overnight  after 
induction  by  IPTG.  SDS‐PAGE  analysis  indicated  that most  of  the  expressed  protein was 
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culture. The culture was grown at 37°C, and samples were  taken prior  to addition of  IPTG  (‐IPTG) and after 
induction at 20°C overnight (+IPTG). Right gel: Purification from 2 x 500 mL culture. The temperature prior to 




The  temperature prior  to  induction was  changed  from  37  to  22°C, but  this did not 
increase  the  amount  of  soluble  protein  (data  not  shown).  However,  by  scaling  up  the 
protein  extraction  from  1  to  500 mL  culture  a  larger  percentage  of  soluble  protein was 




(Section  3.4.2)  and  dialysed  against  30 mM  Tris‐HCl  pH  8.0.  CBP‐HvTrxh2_C49S‐TNB was 
reacted with His‐tagged HvNTR2_C145S  (Section  3.4.2)  and  the  resulting  complex  of His‐
HvNTR2:CBP‐HvTrxh2  was  purified  by  tandem  affinity  chromatography  on  a  Calmodulin 
column  (Section 3.4.1.4) and a His‐tag column  (Section 3.4.1.1)  in order  to  remove access 
His‐HvNTR2_C145S (with intact His‐Tag) and CBP‐HvTrxh2_C49S, respectively.  
The  low  solubility  of  CBP‐HvTrxh2_C49S  was  still  a  problem  and  precipitation 






MALDI‐TOF  analysis  of  full‐length  his‐tagged  HvNTR2:HvTrxh2  complex  in  fractions 
A2—A8 (from Figure 3.13), resulted  in a signal at approximately 49300 m/z (Figure 3.17A). 









Figure  3.17.  Mass  spectrometric  analysis  of  full  length  HvNTR2:HvTrxh2  complex  by  MALDI‐TOF. 
HvNTR2_C145S  was  bound  through  an  intermolecular  disulfide  to  HvTrxh2_C49S  and  subjected  to  anion 
exchange and affinity chromatography. Content of  (A)  fractions A2—A8  (from His‐trap Figure 3.13), and  (B) 
fractions  B10—B5  from  the  same  purification  were  analysed.  The  His‐tag  of  HvNTR2  was  subjected  to 




the  same way) was  also  determined  by  ESI‐QTOF mass  spectrometry  (Figure  3.18).  The 
average MW of  the  transformed m/z signal  (Figure 3.18) was around 50.3 kDa, which  fits 
with  the expected MW  for a complex with one  intact His‐tag. However,  the peak  is quite 











1—2)  and  his‐tagged HvTrxh2_C49S  (lane  3) were  analysed.  Experimental  pI  values were 








The  theoretical pI value of His‐tagged HvNTR2_C145S  is 6.35 and  the broad band  in 














A  wide  range  of  screens  were  used  in  order  to  attempt  crystallisation  of  the 
HvNTR2:HvTrxh2 complex. Different batches from the various purifications were tested and 
screens  included the available standard screens  in Carlsberg Laboratory, various screens at 
Århus  University  as  well  as  at  a  PhD  course  in  protein  crystallography  at  University  of 
Copenhagen.  No  protein  crystals  were  obtained  in  these  screens.  This  may  be  due  to 
impurities  and/or  heterogeneity  of  the  HvNTR2:HvTrxh2  complex  preparation.  Since 
HvNTR2 forms a dimer it is possible that only one of the monomers is bound to HvTrxh2. It is 
possible  that  analytical  gel  filtration  or  small‐angle  X‐ray  scattering  (SAXS)  could  clarify 
whether this is the case. However, preliminary SAXS measurements on the HvNTR2:HvTrxh2 
complex  failed  due  to  sample  aggregation.  This  line  of work  has  not  been  pursued  any 
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further.  The  instability  of  the  His‐tags  in  HvNTR2_C145S  and  HvTrxh2_C49S  is  another 
potential source of heterogeneity.  It was not attempted  to remove his‐tags  from complex 
after  purification  since  only  small  amounts  of  complex  were  obtained  and  thrombin 







NADPH  was  added  to  30  μM  HvNTR2_C145S  20  minutes  prior  to  mixing  with  20  μM 
HvTrxh2_C49S‐TNB, an increase in the rate of initial absorbance change was observed when 
compared to an equivalent reaction in the absence of NADPH (Figure 3.20A). However, the 
data  is not entirely conclusive as the endpoint absorbance of the samples  incubated  in the 
presence of NADPH was lower compared to the control without NADPH (Figure 3.20A). This 












The  results  thus  indicate  that  the  complex  formation  reaction  rate  is  increased  in  the 






















to  HvTrxh2_C49S.  The  complex  purification was  hampered  due  to  difficulties  separating 
unreacted  HvNTR2_C145S  from  the  complex,  precipitation  of  HvNTR2_C145S  during 
thrombin cleavage as well as accidental  loss of  the His‐tag of HvTrxh2_C49S. Attempts  to 
shift  the  His‐tag  of  HvTrxh2_C49S  with  a  calmodulin‐binding‐peptide  tag  led  to  small 
amounts of soluble protein and problems with insolubility of the complex. Crystallisation of 
the  complex  failed  potentially  due  to  sample  heterogeneity  as  determined  by  mass 
spectrometry and isoelectric focusing. SAXS may be useful for determining whether there is 




Results where  NADPH/NADP+ was  added  prior  to  complex  formation  indicate  that 





Rosetta  cells  were  used  containing  a  pCAL‐n  based  plasmid  expressing 
CBP_HvTrxh2_C49S  or  pET15b  based  plasmids  encoding  various  proteins  (e.g. 
HisHvNTR2_C145S,  HisHvNTR2_C148S  or  HisHvTrxh2_C49S).  Overnight  cultures  of  these 
cells were  added  to  a  total  of  1—3  L  fresh  LB media  supplemented with  ampicillin  (100 
μg/mL) and chloramphenicol  (5  μg/mL)  for a  starting OD600  ≈ 0.1 and grown at 37°C with 
vigorous  shaking until OD600  ≈ 0.6 when  IPTG  (isopropyl  β‐D‐1‐thiogalactopyranoside) was 
added to a final concentration of 100 μM. Either the temperature was kept at 37°C for 3 h, 
or  the  temperature  was  lowered  to  20°C  or  22°C  for  expression  overnight.  Harvested 
cultures were  incubated on  ice  for 15—30 min prior  to centrifugation  (4000  rpm, 4°C, 20 
min) after which pellet was either frozen at ‐20°C or purified directly. 











protein  by  a  gradient  of  buffer  B  increasing  to  100%.  Protein  containing  fractions were 








(Millipore). The sample was  filtered and applied  to HiLoadTM 26/60  (or 16/60) SuperdexTM 
200  (or 75) prep grade columns  (Amersham Biosciences) equilibrated  in 200 mM NaCl, 30 
mM Tris‐HCl pH 8.0. An Äkta TM explorer Air (Amersham Biosciences) system was used for 
the  gel  filtration.  Fractions were dialysis  against 30 mM  Tris‐HCl pH 8.0,  concentrated  to 




After  complex  formation  (Section  3.4.2)  the  reaction  mixture  was  in  some  cases 









Affinity®  protein  expression  and  purification  system  (Agilent  Technologies,  Instruction 
manual #204300, see references) with slight modifications. A column containing Calmodulin 
Affinity  Resin  (Stratagene) was  pre‐equilibrated with  five  column  CV  calmodulin  binding 
buffer  (50 mM Tris‐HCl pH 8.0, 150 mM NaCl, 1 mM MgAc, 1 mM  imidazole, 2 mM CaCl2, 
and 5 mM DTT). CBP‐HvTrxh2_C49S was dialysed in calmodulin binding buffer and circulated 
through  the  calmodulin  column  for  typically  1½  h.  The  column  was  washed  with  2  CV 










were  expressed  and  purified  by  affinity  chromatography  (His‐Trap  Section  3.4.1.1  or 
calmodulin column Section 3.4.1.4). HvTrxh2_C49S was  reacted with a 10  times excess of 
DTNB  for  1  h  at  room  temperature,  prior  to  further  purification  using  size‐exclusion 
chromatography  (see  Section  3.4.1.2).  HvNTR2_C145S  and  HvTrxh2_C49S‐TNB  were 
dialysed against 30 mM Tris‐HCl pH 8.0, and  in  some cases  the His‐tag of HvNTR2_C145S 
was subjected to cleavage by thrombin. HvNTR2_C145S was reduced with 10 mM DTT for 30 
min to 1 h at room temperature, and DTT was removed using a PD‐10 or NAP‐5 column (GE 
Healthcare)  using  argon‐purged  30  mM  Tris‐HCl  pH  8.0  to  prevent  reoxidation  of 
Cys148HvNTR2.  Varying  concentrations  of  HvNTR2_C145S was  reacted with  HvTrxh2_C49S‐



















1:20  to  1:1000  (μgthrombin:  μgHvNTR2_C145S).  The  following  pH‐buffers  were  used  in  a  final 
concentration of 100 mM: NH4‐acetate pH 6.0, K2HPO4/KH2PO4 pH 7.0, or Tris‐HCl pH 8.0. In 
some cases 150 mM NaCl or 10 mM DTT was included. The samples were incubated at 25°C 
between  5  and  48  h  either  shaking  at  600  or  1100  rpm  (using  a  Thermomixer  Comfort, 
Eppendorf) or  rotating. After  the cleavage  immobilised  thrombin and precipitated protein 
was removed by centrifugation  (20 min, 14,000 rpm, 4°C), and  in  the cases DTT was used 
the  buffer  was  changed  using  a  PD‐10  desalting  column  (GE  Healthcare).  Uncleaved 




Pellets  from  centrifuged  1 mL  protein  expression  samples were  dissolved  in  50  μL 
BugBuster® Protein Extraction reagent (Novagen®) and 0.2 μL Benzonase® Nuclease (stock 
concentration  ≥250  units/μL,  Sigma‐Aldrich)  and  shaken  at  900  rpm  for  30 min  at  room 
temperature.  The  samples were  centrifuged  (14,000  rpm,  4°C,  15 min)  and  supernatants 
transferred to new tubes. Insoluble protein was dissolved in 50 μL 8 M urea in 0.5 M Tris‐HCl 








Varying  volumes  of  protein  as well  as  2  μL Marker  (pI  4—6.5, GE Healthcare) was 
resolved on a PhastGel™ pI 3—9 (GE Healthcare) by the Phast system (GE Healthcare). The 









R1  (for NTR  and NTR:Trx)  or  POROS®  20  R2  (for  Trx)  (both  from  Applied  Biosystems)  in 
methanol was applied, and a 2—5 mm column was packet at the constricted tip. This small 












The  experiment  was  carried  out  under  anaerobic  conditions  using  a  glove‐box 




using  a NAP‐5  desalting  column  (GE Healthcare). HvNTR2_C145S was  pre‐incubated with 
NADPH  or  NADP+  in  varying  concentrations  for  20  min.  A  spectrophotometer  (Hewlett 

















intermolecular  disulfide  bond  between  the  two  active  sites,  thus  mimicking  a  catalytic 
intermediate. The model is based on the crystal structures of HvTrxh2 (Maeda et al., 2006a) 
and  HvNTR2  (Chapter  2;  Kirkensgaard  et  al.,  2009),  and  was  constructed  using 
computational  tools,  since all attempts  to obtain a  crystal  structure of  the  complex were 
unsuccessful.  The  crystal  structure  of  a  corresponding  complex  from  E.  coli,  EcNTR 





4.2.1  Building  and  evaluating  a  complex  model  between  HvNTR2  and 
HvTrxh2   
A model was  constructed  of  HvNTR2  in  the  FR  conformation  covalently  bound  to 
HvTrxh2 via an intermolecular disulfide between the two active sites (described in detail in 
Section  4.4.1).  Briefly  the  two  domains  of  HvNTR2  were  separated  and  independently 
superposed  with  the  corresponding  domains  of  EcNTR  from  the  crystal  structure  of 
EcNTR:EcTrx  (pdb 1F6M, Lennon et al., 2000). Likewise a crystal structure of HvTrxh2 was 
superposed  to  EcTrx.  The model was  build  by homology modelling  using MOE  (Chemical 
Computing Group  Inc.) and  the modelling  involved building  the  linker  region between  the 
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FAD domain  and NADPH domain,  since  the  rotation of one domain  relative  to  the other 








Figure  4.1.  A model  of  the  complex  of  HvNTR2  (dark  blue)  bound  covalently  through  an  intermolecular 
disulfide bond (yellow) to HvTrxh2 (cyan). The model is superposed with the crystal structure of EcNTR in the 
FR conformation  (green) bound  to EcTrx  (magenta)  (pdb 1F6M, Lennon et al., 2000). The FAD molecules  in 
HvNTR2 and EcNTR are shown  in cyan and magenta  respectively, and  the positions of  two examined  loops, 










1, red  line) and HvTrxh2  (Chain2, green  line). Values <4σ  (marked with brown  lines) are allowed. The  image 
was generated using MOE. 
 
Furthermore,  backbone  dihedral  bond  angles  from  Ramachandran  plots  (calculated 
using MOE) of the final model showed no outliers (residues with disallowed combinations of 
psi  and  phi  angles,  Figure  4.3). Of  the  426  residues  in  total,  398  (93%)  are  in  the most 
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favourable  area,  whereas  28  residues  are  within  the  allowed  area  (open  circles  in  the 
figure).  
 
Figure  4.3.  Ramachandran  plots  generated  by  the  program MOE  of  the  final model  of  a HvNTR2:HvTrxh2 
complex.  The  three  plots  show  the  combination  of  psi  and  phi  angles  of  all  residues  (except  glycine  and 
proline),  glycine  and  proline,  respectively. Green  areas  and  filled  circles  are  the most  favourable whereas 
brown areas and open circles are allowed areas.   
 
For HvNTR2 most of  the  residues  in  the allowed area are also  found  in  the allowed 
area for the original crystal structure. However, some of the residues were in the favoured 
region  in  the crystal  structure. These are  found  in  the  linker  regions between  the NADPH 





allowed  region  (not  shown)  in  the model  of  HvNTR2:HvTrxh2.  For  HvTrxh2 most  of  the 
residues which were  in the allowed region of the model were also  in the allowed region  in 
the original crystal structure (not shown). One residue, Lys108HvTrxh2, which  is bound to the 
FAD  domain  of HvNTR2  (see  below),  has  improved  from  allowed  to  favoured, while  the 
residue next to is, Ala109HvTrxh2, has changed from favoured to allowed. Pro48HvTrxh2 from the 
active site was before in the favoured but is now located at the border to the allowed area. 
It  is  possible  that  more  rounds  of  energy  minimisation  could  increase  the  number  of 






mainly  in  the NADPH binding site. Several positively charged arginines  from  this site were 
mutated to alanine in silico since these may cause the attraction to the NADPH binding site. 
However, this did not  improve the docking experiments.  It was  further attempted to dock 




Identified  interactions  between  HvNTR2  and  HvTrxh2  in  the  complex model  were 
listed using the program LIGPLOT (Wallace et al., 1995) (see Section 4.4.1.7 for a description 
of LIGPLOT). The identified intermolecular interactions in the complex (listed in Appendix B) 
are  shown  schematically  (Figure  4.4).  The  number  of  atoms  involved  in  the  hydrophobic 





Figure 4.4. Trx‐NTR  interactions  identified by LIGPLOT  (Wallace et al., 1995) on  (A)  the model of a complex 
between  HvNTR2  and  HvTrxh2  and  (B)  on  the  crystal  structure  of  a  complex  of  EcNTR:EcTrx  (pdb  1F6M, 
Lennon et al., 2000). In (A), HvNTR1 or HvTrxh1 residues corresponding to the HvNTR2 and HvTrxh2 residues in 




panel)  of  HvNTR2.  The  residues marked  with  a  left  bracket  are  all  positioned  in  the  FAD‐loop  with  the 
sequence 40EGWMANDIAAGG51 found in the FAD domain of HvNTR2. Its position is shown in Figure 4.1. In B), 
the corresponding residues in HvNTR2 or HvTrxh2 are shown in red (for a few of the residues they could not be 
assigned  since  the  sequences  and  structures  vary  too much).  The  residues marked with  a  left  bracket  are 








and Met43HvNTR2,  this  sequence  is  conserved among NTRs  from monocot plants. Between 




4.5B).  For  NTR‐Cs,  which  are  described  in  Chapter  1,  the  corresponding  sequence, 
EG(Y/C)Q(M/V)GG‐VPGG, is one residue shorter than in the other plant NTRs. The FAD‐loop 
is positioned the same way (Figure 4.5B) in the available structures of eukaryotic LMW NTRs 
(HvNTR2  from  Kirkensgaard  et  al.,  2009;  AtNTR‐B  from  Dai  et  al.,  2006;  and  the  two 










FAD‐loop  is  conserved  in plants  and  yeast  (boxed  in  red).  The  same  loop  is boxed  in blue  for HvNTR2.  (B) 
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Comparison  of  the  FAD‐loop  in  the  available  structures  of  eukaryotic  LMW NTRs:  HvNTR2  (magenta,  pdb 
2WHD, Kirkensgaard et al., 2009), AtNTR‐B  (yellow, pdb 1VDC, Dai et al., 2006), and  two  structures of NTR 
from yeast (cyan, pdb 3D8X, Zhang et al., 2009 and green, pdb 3ITJ, Oliveira et al., 2010). Only the backbones 
of the  loops are shown  for clarity, except the proline  from AtNTR‐B and three of the residues  from HvNTR2 
predicted  to  interact with HvTrxh2.  (A)  The NTRs, with  their  accession  numbers  given  in  parentheses,  are 
HvNTR1 (A9YZV9), HvNTR2 (A9LN30) and HvNTRC (B0FXK2) from Hordeum vulgare (barley); TaNTR1 (Q8VX47) 
and TaNTR2  (TC297680)  from Triticum aestivum  (wheat); OsNTR1  (Q69PS6), OsNTR2  (Q6ZFU6) and OsNTRC 
(Q70G58) from Oryza sativa (rice); ZmNTR1 (B6TPI3), ZmNTR2 (B7ZY93) and ZmNTRC (B4FJQ7) from Zea mays 
(maize);  AtNTRA  (Q39242),  AtNTRB  (Q39243)  and  AtNTRC  (O22229)  from  Arabidopsis  thaliana  (mouse‐ear 
cress); PtNTRA (AC149479), PtNTRB (B9I0K8) and PtNTRC (B9H9S9) from Populus trichocarpa (western balsam 
poplar);  MtNTRA  (A6XJ26)  and  MtNTRC  (A6XJ27)  from  Medicago  truncatula  (barrel  medic,  a  legume); 
S_cerevisiae  (P29509)  from  Saccharomyces  cerevisiae  (yeast);  D_discoideum  (Q54UU8)  from  Dictyostelium 
discoideum  (amoeba  "slime mold"); E_histolytica  (C4LW95)  from Entamoeba histolytica  (anaerobic parasitic 
protozoan);  A_niger  (XP_001389279)  from  Aspergillus  niger  (fungus);  T_acidophilum  (Q9HJI4)  from 
Thermoplasma  acidophilum  (facultative  anaerobe  archaea);  S_solfataricus  (Q97W27) NTRB  from  Sulfolobus 
solfataricus (archaea); E_coli (P0A9P4) from Escherichia coli (Gram‐negative bacteria); C_trachomatis (O84101) 
from  Chlamydia  trachomatis  (Gram‐negative  bacteria);  M_tuberculosis  (P52214)  from  Mycobacterium 
tuberculosis  (bacteria); H_pylori  (P56431)  from Helicobacter pylori  (Gram‐negative bacteria); D_radiodurans 
(Q9RSY7) from Deinococcus radiodurans (extremophilic bacteria, Gram‐positive), and C_jejuni (Q0PBZ1) from 
Campylobacter  jejuni  (Gram‐negative bacteria). The alignment  is made  in ClustalW2  (Thompson et al., 1994) 
and edited using BioEdit (Hall, 1999). A full alignment is given in Appendix C. 
 
In Saccharomyces cerevisiae  (yeast),  the FAD‐loop has  the  sequence EGMMANGIAA, 
and was predicted to be involved in the binding of Trx by hydrophobic contacts (Zhang et al., 
2009). A corresponding sequence is found in LMW NTRs from other eukaryotes as well, e.g. 
Aspergillus  Niger  (fungus),  Entamoeba  histolytica  (anaerobic  parasitic  protozoan)  and 
Dictyostelium  discoideum  (amoeba),  all  have  varieties  of  this  sequence  (Figure  4.5). 
Examples of bacteria containing a similar hydrophobic sequence are also found; the Gram‐








The modelled position of  the FAD‐loop  in HvNTR2:HvTrxh2  is not comparable  to  the 
position of  the  loop  in  the EcNTR:EcTrx  structure  (Figure 4.6). Central  in  the  FAD‐loop of 
HvNTR2 is Met43HvNTR2 which fits into a cavity on the surface of HvTrxh2 (Figure 4.6A and C). 
Met43HvNTR2  is  predicted  to  interact  with  four  nearby  residues;  Ile51HvTrxh2, Met52HvTrxh2, 
Ala106HvTrxh2  and  Ile107HvTrxh2  (Figure  4.4A).  Met43HvNTR2  forms  one  of  three  'fingers', 
together with Trp42HvNTR2 and Asp46HvNTR2, protruding on the surface (Figure 4.7). Ile51HvTrxh2 
is wedged in between Met43HvNTR2 and Trp42HvNTR2 and positioned for multiple hydrophobic 
interactions with  Trp42HvNTR2  (Figure  4.4A,  4.6C  and  4.7).  Ala106HvTrxh2  is  placed  between 
Met43HvNTR2 and Asp46HvNTR2. Ile51HvTrxh2 is found only two residues after the active site motif 
of  HvTrxh2.  It  is  not  conserved  in  plants  and  is  in  HvTrxh1  replaced  by  a  valine  (see 
alignment  Chapter  5,  Figure  5.16).  Together  with  the  other  residues  interacting  with 
Trp42HvNTR2 and Met43HvNTR2  it may have some effect  for  the minor preference of NTR  for 
specific Trx isoforms.  
The FAD‐loop of EcNTR, 35T‐‐‐‐‐GMEKGG41, also has a central methionine (Met37EcNTR), 
which,  however,  has  a  different  role  in  the  intermolecular  interaction  than Met43HvNTR2 




The  central  Ile51HvTrxh2  is  in  EcTrx  replaced  by  Met37EcTrx,  while  Ala106HvTrxh2 
corresponds to Ala93EcTrx  (Figure 4.4B). These residues protrude  from the surfaces of both 
HvTrxh2  and  EcTrx,  and  are placed  in  fairly  similar positions  in  the  two  Trxs.  The  charge 
distribution and shape of the surface surrounding these residues are also very similar in the 
two Trxs  (Figure 4.6C and D).  It  is  thus plausible  that EcTrx  can accommodate  the  longer 









(dark  blue):HvTrxh2  ((A)  and  (C))  and  EcNTR  (green):EcTrx  ((B)  and  (D),  pdb  1F6M,  Lennon  et  al.,  2000). 
Residues  from NTR and Trx are marked with  'N' and  'T', respectively. The surfaces of  the Trxs are shown as 
electrostatic  surface potential plots, where blue  is positive  and  red negative.  In  (C)  and  (D)  the  active  site 
cysteine  (C32  in HvTrxh2 and C46  in EcTrx) and a  residue  involved  in binding  to  the NADPH domain  (R73  in 

















side chains of  lysines are  relatively  flexible, a prediction of  the exact conformation of  the 
side chain of Lys108HvTrxh2  is not appropriate.  In the case of EcNTR, EcTrx exclusively binds 
via hydrophobic contacts to the FAD domain. Contacts, besides the ones involving the FAD‐
loop  include Phe81EcNTR  (corresponds  to Ser91HvNTR2) and His83EcNTR  from a  second  loop  in 







To  summarise,  HvTrxh2  appears  bound  by  the  FAD  domain  of  HvNTR2  through 
multiple  hydrophobic  interactions  involving  the  FAD‐loop  according  to  the  model  of 
HvNTR2:HvTrxh2.  Especially,  Trp42HvNTR2  is  likely  to  have  significant  interactions  with 
Ile51HvTrxh2, which  is situated between Trp42HvNTR2 and Met43HvNTR2. Met43HvNTR2  fits  into a 
cavity on  the  surface of HvTrxh2. Besides  the hydrophobic  contacts, Gly41HvNTR2  from  the 
FAD‐loop as well as Ser91HvNTR2, from another  loop, are predicted to form hydrogen bonds 
with Lys108HvTrxh2 (Figure 4.4A, 4.6A and C). All contacts between EcTrx and the FAD domain 
of  EcNTR  are  hydrophobic,  but  distributed  very  differently  from  the  contacts  in  the 
HvNTR2:HvTrxh2 model. There are very few contacts to the FAD‐loop of EcNTR, but several 
to  other  sites  in  the  FAD  domain. Overall  there  seems  to  be  a much  tighter  binding  of 
HvTrxh2  to  the FAD domain of HvNTR2  than of EcTrx  to the FAD domain of EcNTR, which 







the  side  chain  of  Asp149HvNTR2  and  the  backbone  amide  nitrogen  of Met88HvTrxh2  (Figure 
4.8A).  The  corresponding  Asp139EcNTR  from  EcNTR  forms  a  similar  hydrogen  bond  to  the 
backbone nitrogen of Ile75EcTrx (Figure 4.4B and 4.8B). Asp139EcNTR has been proposed to be 
the  acid/base  catalyst  of  the  dithiol‐disulfide  interchange  in  the  catalytic  cycle  of  NTR 
(Chapter  1,  Mulrooney  and  Williams,  1994).  In  the  EcNTR:EcTrx  complex  there  is  an 
additional hydrogen bond between the carbonyl group of Cys138EcNTR and the indole ring NH 
of  Trp41EcTrx  (Figure  4.8B).  In  the  HvNTR:HvTrxh2 model,  the  corresponding  tryptophan 
adopted a different conformation and was not predicted to  interact with C148HvNTR (Figure 



















76  is a  cis‐proline. The mentioned phenylalanines  (Phe141EcNTR and Phe142EcNTR)  in EcNTR 
(see Figure 4.8B), are conserved in many bacterial NTRs (see alignment in Appendix C), and 
contribute  multiple  hydrophobic  contacts  to  EcTrx.  Thus  Phe141EcNTR  interacts  with 
Trp31EcTrx  from  the  active  site  motif WCGPC  (Figure  4.4B  and  4.8B),  while  Phe142EcNTR 
interacts with four different residues of which the most interactions are to Arg73EcTrx, which 
protrudes  from  the  surface of EcTrx  (Figure 4.4B, 4.6D and 4.8B).  In  the eukaryotic  LMW 
NTRs examined here, Phe141EcNTR and Phe142EcNTR are replaced by a proline and  isoleucine 
(leucine in NTR‐Cs), respectively. Furthermore, there is an insertion of two residues prior to 
these,  so  the  sequence  for  plant  NTRs  is  AAPI  (151AAPI154  in  HvNTR2).  In  the model  of 
HvNTR2:HvTrxh2,  these  residues  and  the  following  Phe155HvNTR2  are  bound  in  a 
complementary  pocket  on  HvTrxh2  by  hydrophobic  contacts  (Figure  4.8A).  The  AAPIF 
sequence motif is also found in the other eukaryotic NTRs examined here (see alignment in 
Supplementary data 2) with the more general sequence A(A/L/V/S)P(I/L)(F/Y). 
Arg73EcTrx  is  accommodated  in  a  large  open  negatively  charged  groove  of  EcNTR 
(Figure  4.9B).  Besides  Arg73EcTrx  forming  hydrophobic  contacts  to  Phe142EcNTR,  its 
guanidinium group makes two hydrogen bonds to the backbone carbonyl of Arg130EcNTR and 
one  to  the  backbone  carbonyl  of  Ala237EcNTR  (Figure  4.8B  and  4.9B).  Furthermore  the 
backbone nitrogen of Arg73EcTrx forms a forth hydrogen bond with the backbone carbonyl of 
Gly129EcTrx (Figure 4.8B and 4.9B).  
The corresponding cis‐proline‐loop  in HvTrxh2 (residues 84―89)  is bound  in a similar 
fashion  in  the  current model  of  HvNTR2:HvTrxh2,  but  the  groove  is  blocked midway  by 
Ile154HvNTR2  and Pro227HvNTR2  (Figure 4.8A  and 4.9A). Pro227HvNTR2 belongs  to  the Glycine‐
loop  (Figure  4.1  and  4.8A).  According  to  the  model  of  HvNTR2:HvTrxh2,  Glu86HvTrxh2 
(corresponding  to Arg73EcTrx)  is  accommodated  in  this  groove  and binds  through  a  single 
backbone‐backbone hydrogen bond to Asn139HvNTR2, and has several hydrophobic contacts 
involving  Arg140HvNTR2, Gly141HvNTR2,  Ile154HvNTR2  and  Phe155HvNTR2  (Figure  4.4A,  4.8A  and 

















its  electron  donor  (HvNTR2) were  compared  to  those  present  in  the  crystal  structure  of 
HvTrxh2  in  complex with  the  substrate barley  α‐amylase/subtilisin  inhibitor  (BASI)  (Figure 
4.10A).  In general, the  interactions  in Trxh2:BASI are fewer and quite different from those 
predicted in the HvNTR2:HvTrxh2 model (Figure 4.10B).  
Similar to HvTrxh2:HvNTR2, HvTrxh2 is stabilised through an intermolecular disulphide 
bond  involving  the  active  site  (C46HvTrxh2  and  C148BASI)  in  the  crystal  structure  of 
HvTrxh2:BASI  (pdb  2IWT, Maeda  et  al.,  2006a).  This was  formed  by  allowing  the  single‐
cysteine  mutant  HvTrxh2_C49S  to  react  with  the  single‐cysteine  mutant  BASI_C144S 
conjugated  to  TNB  (Maeda  et  al.,  2006a).  Backbone  atoms  from  BASI  are  found  in  a 
hydrophobic groove (Figure 4.10B) that also accommodates the active site of HvNTR2. The 
groove  of  HvTrxh2  is  formed  by  of  the  active  site  (45WCGP48)  as  well  as  87AMP89  and 
104VGA106,  and  constitutes  the  so‐called  target  recognition motif  (Maeda  et  al.,  2006a). 
Underlined  residues  are  also directly  involved  in binding HvNTR2  in  the HvNTR2:HvTrxh2 
model  (Figure  4.4A).  87AMP89  is  a  part  of  the  cis‐proline‐loop, mentioned  above,  that  is 
bound in a groove in the NADPH domain of HvNTR2 (Figure 4.9A). Interestingly, Pro48HvTrxh2 
and Ala106HvTrxh2 are both involved in binding the central Met42HvNTR2 from the FAD‐loop of 
HvNTR2  (Figure  4.4A  and  4.6C).  Besides  van  der  Waals  interactions,  the  HvTrxh2:BASI 
complex  has  three  backbone‐backbone  hydrogen  bonds  (Figure  4.10B)  (Maeda  et  al., 
2006a): Ala106HvTrxh2 to Asp146BASI, and Met88HvTrxh2 to the backbone oxygen and nitrogen of 
the  cysteine,  Cys148BASI.  In  the  model  of  HvNTR2:HvTrxH2  the  carbonyl  group  of 
Met88HvTrxh2  also  forms  a  hydrogen  bond,  but  to  Asp149HvNTR2  next  to  the  active‐site 
cysteine. Glu86HvTrxh2, which seems central in the binding to the NADPH domain of HvNTR2 
(Figure 4.4.A)  also  contributes  to  the binding of BASI by  van der Waals  interactions with 
Glu168BASI and Glu149BASI (Maeda et al., 2006a, Figure 4.10B). 

















The  model  suggests  that  the  FAD  domain  of  HvNTR2  binds  HvTrxh2  by  multiple 
hydrophobic  interactions through the FAD‐loop, 40EGWMANDIAAGG51 (interacting residues 
underlined).  Especially  the  residues  Trp42HvNTR2  and Met43HvNTR2  seem  to  be  of  central 
importance. Interestingly, Met43HvNTR2 is the only residue in the predicted binding interface 
that  is not conserved  in the other  isoform of barley (Leu43HvNTR1). These two residues vary 
between  type  1  and  2  of monocot  plants  and  could  therefore  provide  some  selectivity 
towards certain  isoforms of Trxs. The FAD‐loop  is also  found  in other eukaryotes, but  the 
corresponding  loop of  EcNTR  is  five  residues  shorter, has no  resemblance  to  the  loop of 
HvNTR2, and binds EcTrx with only a few hydrophobic contacts.  
Concerning  contacts  involving  the  NADPH  domain  of  NTR  there  are  also  many 
differences between  the  two complexes.  In EcNTR  two phenylalanines conserved  in many 
bacteria are accommodated in a pocket of EcTrx and provide some of the main contacts. In 
eukaryotes  these  phenylalanines  are  not  conserved  and  the  complementary  pocket  of 
HvTrxh2  accommodated  the  less  hydrophobic  residues AAPIF.  This motif  is  also  found  in 












 All  together,  the  interface  between  HvNTR2  and  HvTrxh2  in  the  model  is  very 
different from that of EcNTR:EcTrx. Many of the motifs found to be involved in the binding 
of  HvTrxh2  are  also  found  in  other  eukaryotes.  Therefore,  the  modelled  complex  of 
HvNTR2:HvTrxh2  provides  new  insight  into  how  eukaryote  LMW  NTRs  in  general  may 
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interact with  Trx.  For  example  a  sequence  corresponding  to  the  FAD‐loop  in  HvNTR2  is 










for positioning  the  two domains of HvNTR2  as well  as HvTrxh2.  From pdb 1F6M  chain A 
(EcNTR) and chain C (EcTrx) were chosen. The pdb  file of HvNTR2  (2WHD, Kirkensgaard et 
al.,  2009)  contains  two  chains  of HvNTR2  of which  chain A was  chosen.  The  domains  of 




127—254.  HvTrxh2  was  taken  from  a  complex  of  HvTrxh2  covalently  bound  via  an 





regions  connecting  the FAD and NADPH domains were modelled using  the program MOE 
(Chemical  Computing  Group  Inc.)  enabling  the  two  domains  to  be  connected.  The  FAD 
molecule was omitted since it was not recognised by MOE. 
The  linker  regions  from  EcNTR  (pdb  1F6M)  served  as  a  template  for  homology 
modelling.  First  the  sequence  of  the  HvNTR2  FAD  domain  was  copied.  The  residues 
containing one of the β‐sheet  linkers plus some additional residues, 113TGASAR117 (β‐sheet 
linker  in  bold),  in  EcNTR  were  selected.  Homology modelling  was  performed  using  the 
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original  HvNTR2  sequence  as  a  general  template  but  choosing  'use  selected  residues  to 











1. First everything was  fixed,  and only  the  side  chains of  the  selected  residues were 
unrestrained. Energy minimisation was performed choosing "Adjust H and LP" and 


















In  Trx  Pro48HvTrxh2  from  the  active  site  45WCGPS49  was  an  outlier  (the  second  cysteine 
residues  is changed to serine  in the structure of Trxh2:BASI and thus also  in the modelled 
structure of HvNTR2:HvTrxh2). This proline  is not an outlier  in the original structure  in pdb 
(2IWT). 
Areas  around  the  outliers  of  the  linker  regions  were  chosen;  123GAVARRL129  and 
254GHEPAT259  (β‐sheet  linkers  in  bold,  outliers  underlined)  and  energy  minimisations 
performed  twice without  tethering  the atoms. This removed  the outliers  from  the second 




Homology modelling  of  the  residues  125VARRLYFSGS134  in  HvNTR2  with  the  E.  coli 




Three  outliers  were  found  in  the  FAD‐loop  in  the  following  residues; 
34EGWMANDIAAGG46. After a single round of energy minimisation of this loop and residues 
in  HvTrxH2  within  4.5  Å,  Trp37HvNTR2  and  Ala106HvTrxh2  still  appeared  as  outliers  in  the 
ramachandran  plots.  Further  energy  minimisation  with  the  same  residues,  but  only 






















The  only  remaining  outlier,  Pro48HvTrxh2  in  the  active  site  of  HvTrxh2,  was  left 





By  comparing  with  the  complex  of  EcNTR:EcTrx  it  was  found  that  the  residues  from 
Phe41HvTrxh2  to Phe56HvTrxh2  (orange  in Figure 4.12) were not positioned  in  the same angle 
relative to HvNTR2 as EcTrx, which prevented the bond formation. Therefore, these residues 
as  well  as  residues  145CAVCD149  in  NTR  were  energy  minimised  without  tethering  the 
backbone  to  allow disulfide bond  formation using MOE  and  further energy minimisation. 
Finally energy minimisation was performed for the entire  interface by selecting residues  in 
Trx within 4.5 Å from NTR and vice versa.   
 
 
Figure 4.12. Regions  that were energy minimised  to build  the disulfide bond. The unrefined complex model 
between HvNTR2  (dark blue)  and HvTrxh2  (cyan)  is  shown  superposed onto  the  crystal  structure of EcNTR 
(green)  bound  to  EcTrx  (magenta)  (pdb  1F6M,  Lennon  et  al.,  2000).  The  cysteine  residues  involved  in  the 












HBPLUS  (McDonald  and  Thornton,  1994), which  calculates  the hydrogen bonds  and non‐
bonded  contacts.  One  example  of  how  HBPLUS  calculates  hydrogen  bonds  is  shown  in 
Figure 4.13. The criteria are that the donor atom  (D)  is attached to two atoms  (DD) other 
than hydrogen, and the donor is trigonal planar (one atom at the center and three atoms at 
the  corners  of  a  triangle,  see  Figure  4.13).  The NH  group  of  the  side  chains  of  arginine, 
tryptophan  and  histidine  falls  into  this  category.  In  this  case  the  program  computes  all 
possible  positions  of  hydrogen  (H)  atoms  attached  to  donor  atom  which  satisfies  the 
following geometric criteria relative to the acceptor  (A) atom: The H‐A distance should be 
<2.5 Å and the D‐D distance <3.9 Å. Furthermore the three angles D‐H‐A, D‐A‐AA and H‐A‐































that  could  be  involved  in  the  complex  formation  between  the  two  proteins.  To  further 
validate the model and assess the importance of selected amino acid residues, a number of 






(HvNTR2_W42A,  HvNTR2_M43A,  HvNTR2_W42A_M43A,  HvNTR2_N45A_D46A  and 
HvNTR2_∆42‐47),  as  well  as  of  some  selected  residues  of  the  NADPH‐domain 
(HvNTR2_N139A and HvNTR2_R140A). Especially Asn139HvNTR2 was predicted  to be central 
in  the binding of HvTrxh2 because of  its  involvement  in many  intermolecular  interactions 
(Figure  4.4A).  Also  mutations  in  the  Glycine‐loop  were  produced 
(HvNTR2_G225R_G226D_P227V,  HvNTR2_G225R_G226D  and  HvNTR2_G222D_A223G 
_G224E),  since  this  loop was  previously  suggested  to  be  involved  in  the  binding  of  Trx 
(Kirkensgaard et al., 2009, Chapter 2). For HvTrxh2  the residue  Ile51HvTrxh2 predicted  to be 
















B  (Figure 5.1) Both peaks appear  to contain  relatively pure HvTrxh2_I51G as  judged  from 
SDS‐PAGE analysis  (lane 4―5  in Figure 5.3) and were pooled. Further purification by  size 














contain protein  from  (1) culture before  induction with  IPTG,  (2) culture  incubated overnight after  induction 
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shown  in Figure 5.4  (for HvNTR2_M42A). A  front peak near  the void volume  (fraction A5) 
was  followed  by  a  peak  containing  yellow  coloured  protein  (fractions A6―A7).  The  ratio 













Figure  5.5.  SDS‐PAGE  of  the  various  purification  steps  of  HvNTR2_M43A.  'M'  is  the  molecular  marker 











for  this  column equals 120 mL. V0 equals  the elution  volume  for Blue Dextran 2000  (red 
curve  in Figure 5.6) and was found to be 42.54 mL. A calibration curve  is plotted  in Figure 
5.7  as  Kav  versus  log(molecular  weight).  The  molecular  weights  of  the  proteins  of  the 
standard are  listed  in the  legend of Figure 5.6. Kav and the apparent MW  (Table 5.1) were 
calculated using the elution volumes in Figure 5.2 and 5.4. The first peak from both the gel 
filtration  of  HvNTR2_M43A  and  HvTrxh2_I51G  has  an  elution  volume  very  close  to  the 
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column  void  volume  and  probably  contains  aggregated  protein.  The  second  peak  of 









Figure 5.6. Chromatogram  from  the  run of  a Gel  Filtration Calibration  kit  (blue  curve, GE Healthcare) on  a 
HiLoadTM  16/60  SuperdexTM  75  column.  Peaks  for  the  following  proteins  are  seen  (elution  volume,  Ve,  in 
brackets);  Conalbumin  (MW  =  75  kDa,  Ve  =  51.28),  Carbonic  anhydrase  (MW  =  29  kDa,  Ve  =  65.93), 











coefficient, Kav,  is calculated  from  the elution volume, Ve, using  the equation Kav =  (Ve  ‐V0)/(Vc‐V0). From Kav 
log(apparent MW)  is calculated using the equation  in Figure 5.7. The theoretical MW of HvNTR2_M43A and 
HvTrxh2_I51G is 36897 and 15272 Da, respectively. 







1st   42.9  0.005  5.11 127945 3.5  4 (aggregate?)
2nd  51.1  0.111  4.88 75375 2.0  2
HvTrxh2_I51G  1st   42.8  0.004  5.11 128688 8.4  8 (aggregate?)







in  protein.  The  broad  shoulder  towards  higher wavelengths  is  likely  due  to  aggregation. 















was  tested.  Furthermore,  it was examined whether  reintroduction of  FAD  could  result  in 
reinsertion  of  FAD  into  the  folded  protein  by  carrying  out  an  assay  with  and  without 
exogenous  FAD  added  (Section  5.4.3  and  Figure  5.9).  In  the  assay  DTNB  is  used  for 
quantifying  the  free  thiols  in  Trx  and  therefore  indirectly  the  transfer  of  reducing 
equivalents from NADPH via NTR to Trx.  In the reaction two TNB  ions are released per Trx 
molecule as measured at 412 nm (Section 5.4.2 and Figure 5.9). The addition of FAD after 
purification had  insignificant effects on  the enzyme activity of HvNTR2  from either of  the 













Unsuccessful attempts  to reintroduce FAD  to protein  from either of  the peaks could 
be due  to misfolded or partially unfolded protein. Alternatively  the accessibility of FAD  is 
limited  once  the  protein  is  folded.  If  the  latter  is  true  HvNTR2  has  to  be  folded  in  the 
presence  of  FAD  and  once  folded,  FAD  can  neither  enter  nor  leave  the  protein  unless 
changes in the protein folding occurs. Thus, the  low FAD content could be due to a  limited 
concentration of FAD  in  the Rosetta strain. Mulrooney  (1997) also observed  that up  to as 
much as 68% of the recombinant EcNTR produced was expressed as apoprotein, i.e. lacking 
FAD.  It  was  further  observed  that  the  amount  of  apoprotein  increased  with  increasing 




stated  above,  all  attempts  to  reintroduce  FAD  after  purification  of  HvNTR2  were 








analysis).  Concerning  the  FAD  content  A456  of  0.051  corresponds  to  4.5  μM  (using  an 
extinction coefficient of 11,300 M‐1cm‐1, Williams et al., 1967). Hence, only approximately 
63% of the protein from peak 2 contains FAD.  
The stability of  the protein  from peak 2 was estimated by keeping an aliquot of  the 
HvNTR2 on ice for a prolonged period of time and quantifying the enzyme activity at a series 
of time points (the assay used  is described  in Section 5.4.2). In this measurement only one 





















time  [s]  (Figure  5.11). Km  and Vmax were determined  from  the  slopes using KaleidaGraph 
(Synergy Software)  (Figure 5.12). The unit  for  the obtained values of Vmax was A412nm  ∙ s‐1. 
These were converted to nM Trx s‐1 by dividing with the absorbance of the TNB ion (13,600 




Figure  5.11. Data  from  assay with  20  nM  HvNTR2  and  varying  concentrations  of  HvTrxh2.  The  assay was 













The  reactions  for  the  slowest  mutants  were  carried  out  in  microtiter  plates  and 





























(wt) and mutant HvTrxh2 and AtTrxH3. Some reactions were  too slow  to be used  to determine Km and Vmax 
marked  by  n.d.  (not  detectable).  Instead  the  slope  of  the  reaction  [A412  s‐1  μM‐1]  is  given  as  a  relative 














wt  wt  1.17 ± 0.04 8.0 ± 0.10 (6.80 ± 0.25) ∙ 106  100 ± 4  100
wt  HvTrxh1  1.23 ± 0.08 12.1 ± 0.20 (9.84 ± 0.66) ∙ 106  145 ± 10  151
wt  AtTrxh3  0.80 ± 0.05 4.8 ± 0.09 (6.00 ± 0.39) ∙ 106  88 ± 6  91
wt  EcTrx  149 ± 13 9.4 ± 0.38 (6.31 ± 0.61) ∙ 104  0.9 ±0.1  1.0
AtNTR‐B  AtTrxh3  0.48 ± 0.03 5.9 ± 0.10 (1.23 ± 0.08) ∙ 107  181 ± 11  177














Wt  I51G   15.5 ± 0.7 15.9 ± 0.3 (1.03 ± 0.05) ∙ 106  15 ± 1  23
M43A  wt  16.0 ± 0.8 11.4 ± 0.2 (7.13 ± 0.39) ∙ 105  11 ± 1  15
M43A  I51G   n.d. n.d. n.d.  ‐   0.4
M43A  AtTrxh3  14.1 ± 1.2 14.8 ± 0.6 (1.05 ± 0.10) ∙ 106  16 ± 1  15
M43A  EcTrx  n.d. n.d. n.d.  ‐   0.03
W42A  Wt  45.7 ± 4.0 10.4 ± 0.4 (2.28 ± 0.22) ∙ 105  3.3 ± 0.3  3.8
W42A  I51G   n.d. n.d. n.d.  ‐   0.5
W42A  AtTrxh3  2.4 ± 0.2 10.4 ± 0.4 (4.24 ± 0.41) ∙ 106  62 ± 6  61
W42A  EcTrx  n.d. n.d. n.d.  ‐   0.016
W42A/M43A  wt  n.d. n.d. n.d.  ‐   0.09
W42A/M43A  I51G   n.d. n.d. n.d.  ‐   0.3
W42A/M43A  AtTrxh3  30.5 ± 3.4 11.0 ± 0.6 (3.61 ± 0.44) ∙ 105  5.3 ± 0.6  5.5
W42A/M43A  EcTrx  n.d. n.d. n.d.  ‐   0.002
∆42‐47   wt  n.d. n.d. n.d.  ‐   0.06
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∆42‐47  AtTrxh3  54.3 ± 5.2 15.3 ± 1.0 (2.82 ± 0.32) ∙ 105  4.1 ± 0.5  4.9
∆42‐47  EcTrx  n.d. n.d. n.d.  ‐   0.0
wt  G47P  1.4 ± 0.1 7.9 ± 0.3 (5.49 ± 0.56) ∙ 106  73 ± 8  77
∆42‐47  G47P  n.d. n.d. n.d.  ‐   0.0
W42A/M43A  G47P  n.d. n.d. n.d.  ‐   0.0
N45A_D46A  wt  2.2 ± 0.2 7.3 ± 0.2 (3.30 ± 0.27) ∙ 106  49 ± 4  47
N45A_D46A  AtTrxh3  4.2 ± 0.6 10.7 ± 0.7 (2.55 ± 0.38) ∙ 106  38 ± 6  37
N45A_D46A  EcTrx  n.d. n.d. n.d.  ‐   0.2
AtNTR‐B  I51G   n.d. n.d. n.d.  ‐   0.1














wt  E86A  0.57 ± 0.03 5.3 ± 0.1 (9.23 ± 0.50) ∙ 106  137 ± 7  131
N139A  wt  0.68 ± 0.04 4.2 ± 0.1 (6.18 ± 0.37) ∙ 106  91 ± 5  89
N139A  E86A  0.41 ± 0.01 4.2 ± 0.04 (1.02 ± 0.26) ∙ 107  151 ± 4  128
R140A  wt  3.43 ± 0.27 5.1 ± 0.1 (1.49 ± 0.25) ∙ 106  22 ± 2   22
R140A  E86A  1.60 ± 0.20 2.6 ± 0.1 (1.63 ± 0.21) ∙ 106  24 ± 3  27
G225R_G226D_P227V  AtTrxh3  0.73 ± 0.07 3.9 ± 0.1 (5.34 ± 0.53) ∙ 106  79 ± 8  79
G225R_G226D_P227V  wt  1.05 ± 0.06 1.8 ± 0.03 (1.71 ± 0.25) ∙ 106  25 ± 1  32
G225R_G226D  AtTrxh3  0.67 ± 0.03 5.0 ± 0.1 (7.46 ± 0.35) ∙ 106  110 ± 5  116
G225R_G226D  wt  1.28 ± 0.06 8.1 ± 0.1 (6.33 ± 0.31) ∙ 106  93 ± 5  98
G222D_A223G_G224E  AtTrxh3  0.52 ± 0.04 5.0 ± 0.1 (9.62 ± 0.76) ∙ 106  141 ± 11  133







substrate  for HvNTR2 kcat and Km were  found  to decrease  (Km of 0.8  μM) and kcat/Km was 
88%  relative  to  HvTrxh2.  HvNTR2  and  AtNTR‐B  have  75%  sequence  identity, which may 
explain why AtTrxh3 works as an excellent  substrate. HvNTR2 has 45%  sequence  identity 














The  role of  the FAD‐loop  (40EGWMANDIAAGG51) was examined. Underlined  residues 
were  predicted  to  bind  to HvTrxh2  based  on  the model  of HvNTR2:HvTrxh2  (Chapter  4, 
Figure 4.4A). This motivated deletion of part of the  loop (HvNTR2_∆42‐47,  lacking residues 
42WMANDI47).  These  residues were  chosen  because  that  part  of  the  loop  contained  the 
most bulky residues and was predicted by the model to be in closest proximity to HvTrxH2. 
Furthermore,  three  of  these  residues  (Trp42HvNTR2,  Met43HvNTR2  and  Asp46HvNTR2)  were 
predicted  to  bind  directly  to  HvTrxh2.  HvNTR2_∆42‐47  showed  a  very  low  activity with 
HvTrxh2  so  values of  kcat  and Km  could not be determined. However,  a  linear  correlation 
between  the  activity  and  the  concentration  of  HvTrxh2  was  obtained.  It  could  thus  be 
estimated  that HvNTR2_∆42‐47 has 0.06% activity  towards HvTrxh2  (last  column  in Table 
5.2), showing that binding to this loop is essential.  
The  following  mutants  HvNTR2_M43A,  HvNTR2_W42A,  HvNTR2_W42A_M43A, 
HvNTR2_N45A_D46A  and  HvTrxh2_I51G were made  to  elucidate, which  residues  of  this 
loop are most important for the binding. The reason for mutating Ile51HvTrxh2 to glycine was 
to  shorten  the amino acid  side chain  sufficiently  to avoid  side chain  interactions with  the 
loop. HvTrxh2_I51G showed 15.1% activity. Combined with the mutants HvNTR2_W42A or 
HvNTR2_M43A  the  HvTrxh2_I51G mutation  gave  activities  of  0.5  and  0.4%  respectively, 
which makes it plausible that the model of HvNTR2:HvTrxh2 is correct in placing Ile51HvTrxh2 
with  significant  interactions  with  Trp42HvNTR2  and Met43HvNTR2.  Hydrophobic  interactions 
could be a major driving force for complex formation.  
As mentioned a sequence corresponding to the FAD‐loop is also present in NTRs from 
dicot  plants  (Chapter  4,  Figure  4.5A).  The  importance  of  this  sequence  in  dicots  was 






substrate  in  the same way as HvTrxh2, as postulated because  the charge distribution and 
surface of the two Trxs are very similar in the region binding the FAD‐loop. 
The  kinetic parameters are given  in Table 5.2, but  the activity  for EcTrx  is  very  low 
compared  to  the  other  substrates.  Therefore  the  activity  of  HvNTR2wt  with  HvTrxh2, 
AtTrxh3  and  EcTrx  were  all  normalised  to  100%,  and  the  activity  of  the  mutants  are 
illustrated  relative  to  these  (Figure  5.15).  For  HvNTR2_W42A most  activity  was  lost  for 
HvTrxh2  and  EcTrx  being  only  3.3  and  1.7%,  respectively.  Surprisingly,  71%  activity was 
maintained  for AtTrxh3, rendering this a much better substrate  for that mutant. Changing 
Met43HvNTR2 to alanine affected binding of all three substrates, but again the effect on the 
binding of AtTrxh3 was  less affected  than  for  the other  substrates. Combining  these  two 
mutations in HvNTR2_W42A_M43A reduced activity for HvTrxh2 and EcTrx to 0.09 and 0.2% 
of wild‐type, whereas  there was 5.5% activity  for AtTrxh3  (Figure 5.15). Only  the mutant 
HvNTR2_N45A_D46A lost slightly more activity towards AtTrxh3 than displayed by HvTrxh2. 
Deleting  five residues of the  loop  in HvNTR2_∆42‐47 destroyed activity towards EcTrx and 
very  little activity was  found  towards HvTrxh2 as mentioned  (0.06%). However,  there was 
still 4.9% activity towards AtTrxh3 (Figure 5.15). Essentially, the same activity was obtained 
for  this  mutant  towards  AtTrxh4  and  AtTrxh5  (data  not  shown),  and  activity  towards 





The  central  Met43HvNTR2  is  the  only  interacting  residue  that  is  not  conserved  in 
HvNTR1, where  it  is  replaced  by  a  leucine  residue  (see  Figure  4.4A).  This may  explain  a 
higher  preference  of  HvNTR2  for  HvTrxh1.  Even  though  Ile51HvTrxh2  is  important  for  the 










Figure  5.15.  Relative  kcat/Km.  The  values  for  the  activity  of HvNTR2wt with  the  three  different  substrates 





same way  and  is much  less  dependant  on  Trp42HvNTR2, which  is  essential  for  binding  the 
other  substrates.  This  is  notable  since  AtNTR‐B  has  the  same  FAD‐loop  sequence. 










and  HvTrxh1  and  HvTrxh2  both  had  extremely  low  activity,  the  explanation must  be  a 
difference between the Trxs from the two plants;  i.e. the three Trxs from A. thaliana must 
have  something  in  common, which  is  lacking  in HvTrxh1  and HvTrxh2 or  vice  versa. One 
possible explanation found among the  interacting residues was that the positively charged 
lysine  in HvTrxh2/h1  (residue 77  in h2, yellow  in Figure 5.16)  is changed  in  the  three Trxs 
from  A.  thaliana  to  glutamine  or  asparagine.  Lys77HvTrxh2 was  predicted  to  interact with 
Pro153HvNTR2 through hydrophobic contacts between the Cγ and Cδ atoms of both residues. It 
is  a  part  of  the  binding  pocket  corresponding  to  the  hydrophobic  pocket  of  EcTrx  (see 
Chapter 4, Figure 4.8). This minor difference in hydrophobic interaction pattern is however 
not  likely  to  fully account  for  the differences  in  the  interaction of HvNTR2 with Trxs  from 
barley and A. thaliana. 




a structure of Trxh1  from Populus  tremula  (poplar)  (pdb 1TI3, Coudevylle et al. 2005)  in a 
reduced state. Superpositioning this structure with that of HvTrxh2 in the HvNTR2:HvTrxh2 





that  the different active  site of  the  three Trxs  from A.  thaliana  is not  responsible  for  the 
much higher activity with the  loop mutants.  It seems more plausible that the answer  is an 
overall  different  distribution  of  contacts  or  electrostatic  potential  complementarity.  This 









the  complex of EcNTR:EcTrx  (pdb accession number 1F6M) were determined using  LIGPLOT  (Lennon et al., 
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2000). The active  site  is boxed.  In  some of  the  sequences,  the  classical active  site CGPC  is  replaced by  the 
sequence CPPC (first proline marked  in red). The sequences were aligned using Clustal‐W2 (Thompson et al., 
1994). The Trxs and  their accession numbers  in parentheses are TaTrxh1  (Q8GVD3), TaTrxh2  (Q9LDX4) and 
TaTrxh3  (Q7FT21)  from Triticum aestivum  (wheat), HvTrxh1  (Q7XZK3) and HvTrxh2  (Q7XZK2)  from Hordeum 
vulgare (barley), ZmTrxh1  (Q4W1F7) and ZmTrxh2  (Q4W1F6) from Zea mays  (maize), OsTrxh1  (Q0D840) and 








between  the  two  are  shown  in  yellow.  PtTrxh1  has  an  extra  proline  (Pro39)  in  the  active  site  (WCPPC) 







The  role  of  some  of  the  contacts  involving  the  NADPH  domain  was  examined  by 
mutational studies. The model of HvNTR2:HvTrxh2 predicts that the residues forming most 
interactions  between  HvTrxh2  and  the  NADPH  domain  of  HvNTR2  are  Asn139HvNTR2  and 
Glu86HvTrxh2  (see  Figure  4.4A).  The  corresponding  mutants  HvNTR2_N139A  and 
HvTrxh2_E86A were assayed as well as HvNTR2_R140A  towards HvTrxhwt  (HvNTR2wt  for 
HvTrxh2_E86A)  as  well  as  in  combinations  with  each  other.  HvTrxh2_E86A  showed  a 
decrease of both kcat (from 8.0 to 5.3 s‐1) and Km (from 1.2 to 0.6 μM), resulting in an overall 
increase of  kcat  /Km  to 137% of  the wild‐type  combination  (Table 1). HvNTR2_N139A  also 
showed a decreased kcat  (4.2 s‐1) and Km  (0.7 μM), resulting  in kcat /Km of 91% of  the wild‐
types. When combining the two mutants (assaying HvNTR2_N139A towards HvTrxh2_E86A) 
kcat was the same as for HvNTR2_N139A with HvTrxh2wt but Km decreased even further to 
0.4  μM,  resulting  in  kcat/Km  of  151%  of  the  wild‐type  combination.  Furthermore,  the 
positively  charged  mutant,  HvTrxh2_E86R,  was  shown  (Björnberg  et  al.;  manuscript  in 
preparation) to have only minor effect on the activity with HvNTR2. These findings suggest 
that  Asn139HvNTR2  and  Glu86HvTrxh2  are  not  critical  for  the  binding  between  HvNTR2  and 
HvTrxh2. It  is possible that water molecules are able to fill out the voids and contribute by 
hydrogen bonding  instead of the missing side chains. By contrast, the residue Arg73EcTrx  in 
EcTrx,  which  corresponds  to  Glu86HvTrxh2,  is  essential  for  activity.  Thus,  a  mutant  of 
EcTrx_R73G  showed  substantially  decreased  activity  (to  0.6%)  with  EcNTR  compared  to 
EcTrxwt (Negri et al., 2009).  
HvNTR2_R140A decreased  kcat  to  5.1  s‐1  and  increased Km  almost 3  fold  to  3.4  μM, 




of  the examined  residues correctly. As mentioned,  introduction of shorter side chains can 
make room for water molecules that may provide hydrogen bond contacts.   
It was further examined whether the Glycine‐loop with the sequence 221GGAGGGPL228 
(Figure  4.1  and  4.8A,  Chapter  4)  is  involved  in  binding  HvTrxh2.  This  loop  is  flexible  as 
reflected by a high B‐factor  in  the crystal structure of HvNTR2  (Kirkensgaard et al., 2009). 
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The proline of  the  loop, Pro227HvNTR2, was predicted by  the model of HvNTR2:HvTrxh2  to 
shorten  the  length  of  the  groove  in  which  Glu86HvTrxh2  is  accommodated  (Figure  4.8A). 
Mutants  were  constructed  at  some  of  the  residues  and  changed  to  the  corresponding 
residues of AtNTR‐B (223GDGERDVL230) to examine whether this increased the preference for 
AtTrxs.  The  mutants  HvNTR2_G222D_A223G_G224E,  HvNTR2_G225R_G226D  and 
HvNTR2_G225R_G226D_P227V were assayed on both HvTrxh2 and AtTrxh3.  
HvNTR2_G222D_A223G_G224E  showed  a  slight  increase of Km  towards HvTrxh2  (to 
1.46 μM) resulting in kcat /Km of 80% of the wild‐type (Table 5.2 and Figure 5.18). Km towards 
AtTrxh3 was  decreased  from  0.52  μM,  leading  to  kcat/Km  of  141%  (compared  to  88%  for 
HvNTR2wt). For HvNTR2_G225R_G226D there was a smaller decrease of Km to 0.67 μM for 
AtTrxh3 and  kcat/Km  increased  from 88  to 110%.  For HvTrxh2 a minor  increase of Km was 
observed  (from  1.17  to  1.28;  93%  activity).  For  HvNTR2_G225R_G226D_P227V  kcat  was 
lowered  for HvTrxh2  resulting  in 25% activity compared  to  the wild‐type. For AtTrxh3  the 
activity was  lowered to 79%. To summarise  there  is a slight negative effect on activity  for 

















used where HvTrxh2 was omitted, as described by Holmgren  (1977).  In this assay DTNB  is 
used directly as a substrate for HvNTR2. HvNTR2wt was assayed as well as HvNTR2_W42A, 
HvNTR2_M43A,  HvNTR2_W42A_M43A,  HvNTR2_N45A_D46A  and  HvNTR2_∆42‐47.  The 
same assay is used as described in Section 5.4.2 except HvTrxh2 is omitted, 100 nM HvNTR2 
(wt  or mutant)  was  used  and  varying  concentrations  of  DTNB  (from  1  to  8 mM).  The 
reaction was  followed  spectrophotometrically with measurements every 2  s  as described 
above. The reaction was only  linear for a short period (about 1 min) so the measurements 
from 4―50 s were used. Holmgren (1977) also observed that the reaction is linear only for a 
very  limited  period,  and  noted  that  this  could  be  explained most  simply  by  a  secondary 
chemical modification  of  thiol  groups which  inactivate  the  protein.  As  shown  previously 
(Chapter  3,  Figure  3.3),  there  are  additional  cysteine  residues  in  the  dimer  interface  of 
HvNTR2. It  is possible that DTNB at high concentrations  is able to bind these  if equilibrium 
exists  between  dimer  and monomer.  This  could  interfere with  the  dimer  formation  and 
131 
 
lower the activity  if the monomer  is  less active than the dimer. Another explanation could 
be  that  not  only  Cys148HvNTR2  but  also  Cys145HvNTR2  reacts  with  DTNB  at  high  DTNB 









DTNB.  The  curve  of HvNTR2_W42A  is  very  similar  to  that  of  the wild‐type, whereas  the 
activity  is  increased  slightly  for  the mutants  HvNTR2_M43A,  HvNTR2_W42A_M43A  and 
HvNTR2_N45A_D46A.  The mutant with  a  part  of  the  FAD‐loop  deleted, HvNTR2_∆42‐47, 
shows a significant increase of activity. This increase could be due to the loop being near the 
active  site as  shown by a  roughly modelled FR conformation of HvNTR2  (Figure 5.20,  see 
legend  for details, the model  is the same as  in Figure 3.1) and therefore a removal of the 
loop  or  some  the  residues  lead  to  increased  accessibility  for DTNB.  The  closest  distance 
between  the  loop  and  the  active  site  cysteines  is  5.60  Å  (between  Cys145HvNTR2  and 
Asp46HvNTR2  in the model of the FR conformation (Figure 5.20). This distance may not  limit 
the accessibility of DTNB, but the distance could be shorter if one domain is bent relative to 
the other. This  is possible as  seen  in  the crystal  structure of HvNTR2  (Kirkensgaard et al., 
2009; Chapter 2). Another explanation for the differences in activity towards DTNB could be 























Figure  5.20.  Position  of  the  residues  from  the  FAD‐loop  relative  to  the  active  site  cysteines  in  the  FR 
conformation. (A) HvNTR2 from an unrefined model of the FR conformation of HvNTR2. The two domains of 










4,  Figure  4.4A)  the  FAD‐loop  binds  HvTrxh2  through  multiple  hydrophobic  contacts, 
primarily  involving  Trp42HvNTR2  and  Met43HvNTR2.  In  the  model  Ile51HvTrxh2  is  positioned 
between  these  two  residues.  Mutating  either  Trp42HvNTR2  or  Met43HvNTR2  to  alanine 
decreased activity toward HvTrxh2 to about 4 and 15%, respectively. Mutating Ile51HvTrxh2 to 
glycine  led  to  23%  activity  with  HvNTR2.  Combining  each  of  these  NTR  mutants  with 
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HvTrxh2_I51G  lowered  the  activity  further  to  0.4‐0.5%,  which  makes  it  plausible  that 
Ile51HvTrxh2  is  placed  between  Trp42HvNTR2  and  Met43HvNTR2.  For  the  mutant 
HvNTR2_W42A_M43A  the activity was  reduced about 1100  times  to 0.09%. This confirms 
that these residues are critical for the binding of HvTrxh2. Interestingly binding AtTrxh3 did 
not  seem  to depend as much on  this  loop. Especially Trp42HvNTR2 was dispensable,  so  the 
activity of HvNTR2_W42A was only slightly  lowered to 71% towards AtTrxh3, compared to 
HvNTR2wt/AtTrxh3.  Thus  HvNTR2_W42A  has  20  times  higher  activity with  AtTrxh3  than 
with  its own substrate, HvTrxh2. Also HvNTR2_∆42‐47 had much higher activity (80 times), 
with AtTrxh3  than with HvTrxh2.  These  differences  could  not  be  attributed  the  different 
active  site of AtTrxh3  (WCPPC  instead of  the  classical WCGPC),  as  concluded by assaying 
with the active‐site mutant HvTrxh2_G47P. Thus, the relative contribution of the FAD‐loop 
to  the binding energy of  the NTR:Trxh complex seem  to vary considerably among species. 
Even  though  the FAD‐loop  is not  conserved  in EcNTR,  the  loop of HvNTR2  seems able  to 
bind EcTrx in a similar way than HvTrxh2.  
For  the mutations  in  the NADPH domain of HvNTR2  the  results were  less clear. For 














concentrations. Primers were designed using  the Primer design guidelines  for  the kit and 




encoding  HvNTR2  or  HvTrxh2  with  an  N‐terminal  His6‐tag  were  constructed  in  pEt15b 
(Shahpiri et al., 2008a). 
For  the synthesis  reaction of  the mutant strand  the  following was used: 5 μL of 10x 
reaction  buffer,  20  ng  of  DNA  template  (purified  by  GeneJetTM  Plasmid  Miniprep  kit, 
Fermentas),  125  ng  of  each  primer  (5'‐  and  3'‐),  1  μL  of  dNTPs,  1  μL  PfuUltra  HF  DNA 
polymerase (2.5 U/1 μL) and ddH20 to a total volume of 50 μL. The cycling parameters used 
were as recommended for the kit.  
After  the  reaction,  the  parental  strand  was  digested  for  1―2  h  using  DpnI  (final 








sequence was  confirmed, heat‐chock  competent Rosetta  cells were  transformed with  the 
plasmid as described above  for DH5α and plated/restreaked on LB/agar plates containing 















An  assay  using  DTNB  (5,5'‐dithiobis‐(2‐nitrobenzoic  acid)  as  the  final  disulfide 
substrate as described (Miranda‐Vizuete et al., 1997) was used with slight modifications. In 
the assay  reducing equivalents are  transferred  from NADPH over NTR  to Trx which  reacts 





Figure 5.21. Reaction of a  thiol with DTNB  (5,5'‐dithiobis‐(2‐nitrobenzoic acid) or Ellman's reagent. The  thiol 








was  initiated  by  addition  of  NTR,  and  for  the  slowest  reactions  performed  in  96‐well 




0.1  mg/mL  BSA  measuring  (Figure  5.22).  The  mixture  was  incubated  5  min  at  room 
temperature before measuring A412. The obtained extinction coefficient of 9,600 M‐1 (path 























and  0.1 mg/mL  BSA. HvNTR2 was  excluded  from  the  reference.  The  release  of  TNB was 


















FR  conformation  to  be  accessible,  suggesting  that  binding  of NADPH  can  occur  after  the 
conformational change  from FO to FR conformation.  ii)  In the structure of HvNTR2  (which 
most resembles the FO conformation) the two domains are tilted relative to each other  in 
such  a  way  that  the  binding  site  of  NADPH  is  in  part  occluded  and  thus  not  able  to 
accommodate NADPH, whereas  the accessibility  to  the active  site cysteines has  increased 
when comparing to other structures  in the FO conformation. This could be an artefact due 
to a bound citrate molecule  in the NADPH binding site, but  it could also demonstrate that 




reaction  is  initiated  with  binding  of  Trx  to  the  NADPH  domain  already  in  the  FO 
conformation  (Chapter  2,  Figure  2.8).  Subsequent  rotation  from  the  FO  to  the  FR 
conformation will allow NADPH to bind and reduce FAD in a direct contact.  
HvNTR2_C145S  is  able  to  react with  HvTrxh2_C49S‐TNB  in  the  absence  of  NADPH 
(Chapter  3,  Section  3.2.1  and  3.2.7)  indicating  that  NADPH  is  not,  as  earlier  suggested 
(Waksman et al., 1994), required to bind to NTR prior to the binding of Trx. Furthermore, in 
the  absence  of  HvTrxh2  the  reactivity  of  HvNTR2 with  DTNB  is  low  (Chapter  5,  Section 
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5.2.3.4)  in  agreement with  previous  observations  (Holmgren  et  al.,  1977;  Shahpiri  et  al., 
2008b).  This  behaviour  indicates  that  the  active  site  cysteines  in  NTR  are  very  poorly 
accessible  for DTNB and suggests  that NTR  is mostly  found  in  the FO conformation  in  the 
absence of Trx.  
Even  though  the  reaction  between  HvNTR2_C145S  and  HvTrxh2_C49S‐TNB  occurs 
without NADPH (if the active site cysteine Cys148HvNTR2 is reduced by DTT), the reaction rate 
is  substantially  increased  by  addition  of  NADPH  (Chapter  3,  Section  3.2.7).  In  this  assay 
performed under anaerobic  conditions NADPH was  reacted with HvNTR2_C145S  (20 min) 
prior  to  the  addition of HvTrxH2_C49S‐TNB. After  rapid  reaction with HvTrxH2_C49S‐TNB 
(monitored at 412 nm) a drop is seen in the absorbance. The drop could be due to reduction 
of FAD,  since  the FAD  contributes  substantially  to  the background absorbance at 412nm, 
due to a fair amount of HvNTR2_C145S (30 μM) being used  in the assay. Since the drop  is 
seen after addition of Trx  it could  indicate that the FAD  is more accessible for reduction  in 
the presence of Trx, meaning that Trx may facilitate the change from FO to FR conformation.  
It is further seen (Chapter 3, Section 3.2.7) that even addition of NADP+ increases the 
reaction  rate  between  HvNTR2_C145S  and  HvTrxh2_C49S‐TNB,  but  without  an 
accompanying  drop  in  absorbance,  probably  since  NADP+  is  unable  to  reduce  FAD. 
Apparently  it  is not  the  reduction of FAD  itself, but  the binding of NADP+ or NADPH  that 
increases the reaction rate. 
All  together  the  observations  indicate  that  both  NADPH  (or  NADP+)  and  Trx  are 
involved in the conformational change of NTR from FO to FR. Negri et al. (2009) simulated a 
full catalytic cycle of EcNTR using molecular dynamics and docking: From visual inspection of 
the structures of EcNTR  in  the FO and FR conformation  it was concluded  that NADPH can 
only  bind  EcNTR  in  the  FO  conformation  (Negri  et  al.,  2009).  This  is  in  contrast  to  the 
observations  reported  here  (Chapter  2,  Figure  2.7C).  However,  the  results  in  Chapter  3 









HvNTR2  reacts poorly with DTNB alone.  In  the  reaction mechanism suggested by Negri et 
al., NADPH entry  immediately precedes or  is coupled  to EcTrxox binding  to NTR  in  the FO 
conformation.  This  corresponds well with  the  present  findings  that  the  reaction  rate  of 






negative  regions  in blue and  red,  respectively). The green  ribbon  represents oxidized EcTrx, which  is shown 
docked as suggested by the ClusPro program (A) and at the end of the tMD procedure (B) that brought EcNTR 
from  the  initial  FO  state  to  the  FR  conformation.  The  guanidinium  of  Arg73EcTrx  is  lodged  in  a  negatively 
charged pocket  in EcNTR  in  the  starting  structure and  slides  in a groove  (which  is also negatively  charged) 
during the conformational transition. Results and figure from Negri et al., 2009. 
 
In  the  docking  studies  by  Negri  et  al.  the  guanidinium  of  Arg73EcTrx  is  lodged  in  a 




Arg73EcTrx  is  crucial  both  with  regard  to  the  electrostatic  interaction  between  the  two 
proteins  and  for  the  twisting  motion  of  the  NTR  domains.  Futhermore,  the  mutant 
EcTrx_R73G  showed  a  reduction  of  activity  to  0.6% with  EcNTR  (Negri  et al.,  2009).  This 
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residue  is  not  conserved  in  plants  and  is  a  glutamate  in  HvTrxh2,  Glu86HvTrxh2.  In  the 
HvTrxh2:HvNTR2  complex model Glu86HvTrxh2  is positioned  in  a  complementary  groove of 
HvNTR2 (Chapter 4, Figure 4.9A). However, the HvNTR2 groove is shorter and less contacts 
are  formed with  the side‐chain of Glu86HvTrxh2  than  found  for Arg73EcTrx  (Chapter 4, Figure 
4.9B). The mutational analysis described  in Chapter 5  included a mutant with  this  residue 
substituted by alanine. The HvTrxh2_E86A mutant had Km  for HvNTR2 decreased by 50%, 
and  kcat  /Km  increased  to  137%  of  the  wild‐type  values.  When  combining  with  the 
HvNTR2_N139A  mutant,  Km  was  decreased  even  further  by  a  total  of  65%,  and  as  a 
consequence  kcat  /Km  increased  to  150%  of  the  wild‐type  HvTrxh2  value.  These  results 
indicate that Glu86HvTrxh2 does not play the same role as Arg73EcTrx and seems less critical in 
the  complex  formation  with  NTR  than  that  residue.  The  mutations  of  Trp42HvNTR2  and 






The  FAD domains of  the  crystal  structure of HvNTR2  and  the modelled  complex of 
HvNTR:HvTrxh2 were superposed (Figure 6.2). This shows that there  is room for binding of 
HvTrxh2  to  the  FAD  domain  in  the  FO  conformation.  The  orange  arrow  in  Figure  6.2 













that  it  is  not  the  reduction  of  FAD  bound  in  HvNTR2  ass  such,  but  the  binding  of 
NADPH/NADP+  to  HvNTR2  that  influences  the  rate  of  the  reaction  with  HvTrxh2. 
Furthermore,  the activity of HvNTR2 with DTNB  is much  lower  than with HvTrxh2. These 





as  for  the  twisting motion  of  EcNTR. Mutating  the  corresponding  residue Glu86HvTrxh2  to 
alanine  led  to  an  increase  in  kcat/Km,  which  shows  the  structural  events  critical  for  the 
reaction mechanism  are  not  identical  for  the NTRs  of  the  two  organisms.  The  structural 
studies here (Figure 6.2) implicate that HvTrxh2 may be able to bind the FAD domain instead 



















the  active  sites  (HvNTR2_C145S_C148A  and HvTrxh2_C49S_C46A)  to  avoid disulfide bond 




contribute  to  the  binding.  The  mutant  HvNTR2_C145S_C148A  could  also  be  used  as  a 
reference  for  the  labelling with DTNB  to  investigate whether  the  cysteines  located  in  the 
dimer interface of HvNTR2 are labelled with TNB.  













could  be  investigated  further  by  the methods mentioned  above.  It  has  previously  been 
shown possible to restrict EcNTR to the FO conformation by using the bifunctional reagent 
N,N,1,2 phenylenedimaleimide and a mutant of EcNTR with two residues (Glu48EcNTR located 




similar  in NTRs  from plants,  yeast,  fungi  and amoebae. Therefore,  the detailed  structural 
studies of HvNTR2 provide new insight into how these NTRs may interact with Trx. Further, 
since  NTR  from  humans  does  not  resemble  the  LMW  NTRs,  future  perspectives  could 
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been  observed  that  GID1,  the  ortholog  of  GSE1  (see  Chapter  1,  Section  1.3.1),  in  rice 
predominantly  occurred  in  the  nucleus  which  suggests  that  intracellular  GA  may  be 
responsible for initiating GA signalling. Rice gid1 mutants were dwarfs and had phenotypes 
indicating that the GID1 GA receptor was essential for two well characterised GA responses; 
leaf  sheath growth,  and  α‐amylase production by  aleurone  tissue  (Ueguchi‐Tanaka  et al., 






both wild‐type  (Hordeum  vulgare  cv. Himalaya)  and mutants were  to  be  compared.  The 
mutant gse1l was  chosen  since  it exhibits  the  lowest  response  to GA  (Figure A1). All  the 
other mutants  have  amino  acid  substitutions  in  the  putative  GA  receptor, whereas  this 
166 
 
mutant has  a  substitution  (G  to A)  in  the 5' untranslated  region, which was predicted  to 







Dr.  Frank  Gublers  group  at  CSIRO  studies  the molecular mechanisms  that  control 
dormancy  as well  as  the  onset, maintenance,  and  release  from  dormancy  during  after‐
ripening in barley seeds.  They had obtained micro‐array data from root and coleorhiza from 
both dormant and after‐ripened barley wild‐type seeds  (cv. Betzes). Coleorhiza  is a sheat‐
like  structure  that  acts  as  a  protective  covering  enclosing  the  plumule  (growing  point  of 
embryo) and radicle (from which the root is developed). These data were also examined for 
the  expression  of  NTR  and  Trx,  to  determine whether  dormancy  has  an  effect  on  their 
















For  each  experiment  half‐grains were  produced  of  both  the mutant  and wild‐type 
(Section  A.4.1),  which  were  imbibed  for  three  d.  Hereafter,  the  aleurone  layers  were 
stripped from the starchy endosperm and  incubated  in various concentrations of GA3 with 
three biological  replica of each condition. From extracted mRNA  (Section A.4.2 and A.4.3) 




expression  levels of  the high pI α‐amylase AMY 6‐4 was used as a positive control  for GA 
induced  expression,  and  primers  against  HvActin  was  used  as  an  internal  control  to 
normalise gene expression (see Section A.4.5 and A.4.6).  
For  the  control  α‐amylase,  there  is  a  very  clear  response  to  GA  in  the  wild‐type 
aleurone  layers  (Figure A3). Thus,  for the  lowest concentration of GA  (10 nM) the relative 
expression increases from 3 to about 500 over 24 h, while the number increases from 3 to 6 
in samples without GA. The response is dose‐dependent so the levels after 24 h are around 





level  without  GA  treatment,  and  this  decrease  is  more  obvious  upon  addition  of  GA. 
However,  this  response  does  not  seem  to  be  dose‐dependant  and  is  apparently  not 
dependent  on  this  GA‐receptor  (GSE1),  since  the  response  was  also  observed  for  the 
mutant. For HvNTR2  (Figure A5)  the  response  is  less unclear. For  the untreated wild‐type 
aleurone  layers  there  is  a  slight  increase  after  6  h  followed  by  a  decrease.  Upon  GA 
treatment  the  level  stays  fairly  constant  but  is  significantly  higher  than  for  untreated 
samples after 24 h. This  is especially observed  for  the highest GA concentrations. For  the 
mutant a slightly higher expression is also observed after 24 h upon GA treatment, but this 
is not as  significant as  for  the wild‐type. From  these  results  is  seems  like  there  is a  slight 
dose‐dependence  in the expression of HvNTR2 and  it also seems as the mutant has  lower 
responses than the wild‐type but the results are not significant enough to conclude whether 
the GSE1 receptor is involved. However, it can be concluded that there is a clear difference 
in the expression  levels of HvNTR1, which  is down‐regulated by GA, and HvNTR2, which  is 
apparently up‐regulated by GA. Thus, after 24 h the levels of HvNTR2 in the GA treated wild‐
type  aleurone  layers  are  38,  19  and  13  times  higher  than  for  HvNTR1  for  the  three 
concentrations of GA, respectively.   




































Micro‐array  data  was  available  from  barley  grains,  which  were  either  dormant  or 




(Figure A8). After‐ripening has  the  largest effect of  the  levels of HvNTR2, especially  in  the 


































Time samples had been  taken of barley whole embryos at  the  following  time points 




The  expression  of  HvTrxh1,  HvTrxh2,  HvNTR1  and  HvNTR2  was  measured  (with 
HvActin as the internal standard) using Q‐PCR on this cDNA.   
The after‐ripened seeds are compared with the dormant (Figure A9). For both HvNTR1 
and HvNTR2  the average expression  levels are higher  for  the after‐ripened seeds  than  for 
the dormant; 2.2  times higher  for HvNTR1  and 1.9  times  for HvNTR2.  For  the  Trxs  there 
seem  to  be  no  effect  of  after‐ripening. As  for  the  aleurone  layers  a  higher  expression  is 








Figure A9. Expression  levels of HvNTR1, HvNTR2, HvTrxh1 and HvTrxh2  in barley embryos. The  seeds were 

















and  the  response was dependent on GSE1. HvNTR1  seemed  to be down‐regulated by GA 
independently on the dose and GSE1. HvNTR2 may be up‐regulated especially at the highest 
GA concentrations after 24 h. Thus, the expression  level of HvNTR2  is 10―40 times higher 
than  of  HvNTR1  in  these  samples.  Both  HvTrxh1  and  HvTrxh2  are  expressed  in  higher 
amounts than the NTRs and seem unaffected by GA.   
For  the micro‐array data on  coleorhiza and  root  it be  concluded  that after‐ripening 
leads to increased expression of both HvNTR1 (in coleorhiza) and HvNTR2 (in both roots and 
coleorhiza). The  levels of HvNTR2 are  twice as high as  the  levels  for HvNTR1  in  the after‐
ripened  tissues after 18 h,  indicating  that HvNTR2 may be  the most  important  isoform  in 
both root and coleorhiza at this stage. For the Trxs the levels were higher than for the NTRs. 
While HvTrxh2  levels were  stable and  independent of after‐ripening,  the  level of HvTrxh1 
increased  in  after‐ripened  coleorhiza  and  for  all  samples  the  expression  of HvTrxh1 was 
higher  than  for HvTrxh2, which  could  indicate  that HvTrxh1 plays  a more  important  role 
right after imbibition in these tissues, and especially in coleorhiza. The overall conclusion is 
that HvNTR2  and HvTrxh1  are  the most  abundant  isoforms  in  root  and  coleorhizae  after 
imbibition and both have  increased expression  levels  in afterripened seeds compared with 
dormant.  






















the  layers with  sterile milliQ‐water,  removing excess water by  spreading on paper  towels 




RNA was extracted  from  aleurone  layers by  the  following procedure. A mortar was 
cooled with liquid N2 and the layers from one sample (10 layers) were kept in liquid N2 while 
finely grinded. Each  sample was poured  into a centrifuge  tube containing 5 mL Pine Tree 
extraction buffer (2% CTAB, 2%PVP K30), 100 mM Tris‐HCl pH 8.0, 25 mM EDTA, 20 M NaCl, 
2% β‐mercatoethanol (added right before heating)),  that had been preheated to 65°C. The 
tube was  vortexed  and  immediately  5 mL  of  chloroform/IAA was  added  and  the  sample 
mixed well.  The  sample was  kept  at  room  temperature  till  all  samples were  ready  and 
centrifuged  (4°C,  4 min,  14,000  rpm).  The  upper  phase was  transferred  to  another  tube 
containing  5 mL  of  chloroform/IAA, mixed  and  centrifuged  again.  The  upper  phase was 




mM  Tris‐HCL  pH  8.0  and  1 mM  EDTA  pH  8.0).  The  SSTE  had  been  heated  to  65°C  and 
brought back to room temperature right before use.  An equal volume chloroform/IAA was 












A  total of 20 μg RNA/DNA was used and  the volume adjusted  to 100 μL with sterile 
milliQ‐water. This was purified using the RNeasy Mini kit (Qiagen), from which 350 μL buffer 
RLT was added and the samples mixed well. A volume of 250 μL 96% ethanol was added, the 
samples  mixed  well  by  pipetting  and  immediately  transferred  to  an  RNeasy  Mini  spin 
column. This was centrifuged  (15 s, 14,000 rpm), and  flow through discarded. Buffer RW1 
(300 μL) was added, the samples centrifuged and flow through discarded.   Buffer RDD (70 
μL)  was  mixed  with  10  μL  DNaseI  stock  solution  and  added  to  the  RNeasy  column 
membrane. This was  incubated at room temperature for 15 min. Buffer RW1 (350 μL) was 
added, and  the column was centrifuged  (15 s, 14,000  rpm). Two  times 500 μL RPE buffer 






























contain  too  many  Gs  and  Cs  at  the  3'  end;  maximum  3  out  of  the  last  5  residues. 
Furthermore,  the  product  lengths  should  be  fairly  similar  in  order  to  compare  the 
expression of mRNA for different proteins. The following primers were designed and used: 
HvTrxh1  (5'‐GGAAGAGTGATTGCCCGGTTA‐3'  and  5'‐CAGAACAACC  GGTGCATATCTT'‐3), 
HvTrxh2  (5'‐CTATTGGTGTAGTATTCGCCTAA‐3'  and  5'‐  CACACTAGCTTGGATCAAGCAT‐3'),  
HvNTR1  (5'‐GCGGCTGGTAATTCTACGAGA‐3'  and  5'‐CAACAGCGTATCATATACTTGTG‐3'), 

















dormant and after‐ripened grains  (cv. Betzes)  imbibed  for 8 and 18 h under blue  light as 
described  (Barrero  et  al.,  2009).  RNA  had  been  extracted  as  described  above.  Probe 
synthesis,  labelling, and hybridisation to a Barley1 gene chip (Affymetrix) had been carried 
out  at  the  Australian  Genome  Research  Facilities  following  the  manufacturer’s 










   Donor                  Acceptor     Distance 
MET B   88   N       ASP A  149   OD1    2.95 
ASN A  139   ND2     THR B   90   OG1    2.73 
ASN A  139   ND2     ALA B   87   O      3.28 
ARG B  102   NH1     ASN A  139   OD1    2.71 
GLU B   86   N       ASN A  139   O      3.31 
LYS B  108   NZ      SER A   91   O      2.70 




   Atom 1               Atom 2        Distance 
GLU B   86   CB      PHE A  155   CZ     3.77 
GLU B   86   CD      ILE A  154   CG2    3.31 
GLU B   86   CD      ILE A  154   CG1    3.84 
GLU B   86   CG      ILE A  154   CG1    3.57 
GLU B   86   CD      ILE A  154   CB     3.47 
GLU B   86   CG      ILE A  154   CB     3.66 
LYS B   77   CD      PRO A  153   CD     3.31 
LYS B   77   CG      PRO A  153   CD     3.50 
GLU B   81   CD      PRO A  153   CG     3.75 
GLU B   81   CG      PRO A  153   CG     3.33 
LYS B   77   CD      PRO A  153   CG     3.84 
LYS B   77   CG      PRO A  153   CG     3.45 
GLU B   81   CD      PRO A  153   CB     3.43 
GLU B   81   CG      PRO A  153   CB     3.64 
TRP B   45   CH2     ALA A  151   CB     3.72 
ALA B   87   CB      ASP A  149   CG     3.62 
ALA B   87   CA      ASP A  149   CG     3.51 
MET B   88   CE      ASP A  149   CA     3.79 
CYS B   46   SG      CYS A  148   C      3.81 
CYS B   46   SG      CYS A  148   CA     3.44 
GLU B   86   CD      GLY A  141   CA     3.62 
GLU B   86   CD      ARG A  140   C      3.73 
VAL B  104   CG2     ASN A  139   CG     3.67 
VAL B  104   CG2     ASN A  139   CB     3.25 
VAL B  104   CG1     ASN A  139   CB     3.61 
VAL B  104   CB      TRP A  138   CD1    3.74 
ILE B   51   CD1     ALA A   48   CB     3.83 
PRO B   48   CD      ALA A   48   CB     3.81 
PRO B   48   CG      ALA A   48   CB     3.74 
PRO B   48   CA      ALA A   48   CB     3.82 
ILE B  107   CG1     ASP A   46   CG     3.76 
ALA B  106   CB      ASP A   46   C      3.40 
ALA B  106   CB      ASP A   46   CA     3.49 
ALA B  106   CA      MET A   43   CE     3.72 
MET B   52   CG      MET A   43   CE     3.22 
 MET B   52   CB      MET A   43   CE     3.72 
PRO B   48   C       MET A   43   CE     3.49 
ALA B  106   CB      MET A   43   SD     3.42 
ALA B  106   CA      MET A   43   SD     3.72 
PRO B   48   CB      MET A   43   SD     3.88 
PRO B   48   C       MET A   43   SD     3.75 
PRO B   48   CA      MET A   43   SD     3.58 
ALA B  106   CB      MET A   43   CG     3.56 
ALA B  106   CA      MET A   43   CG     3.78 
ILE B   51   CG2     MET A   43   CG     3.62 
ALA B  106   CB      MET A   43   CB     3.85 
ILE B   51   CG2     MET A   43   CB     3.85 
ILE B   51   CG1     TRP A   42   CZ3    3.88 
ILE B   51   CG2     TRP A   42   CE3    3.69 
ILE B   51   CG1     TRP A   42   CE3    3.89 
ILE B   51   CA      TRP A   42   CE2    3.67 
ILE B   51   CG2     TRP A   42   CD2    3.41 
PRO B   54   CG      TRP A   42   CD1    3.88 
ILE B   51   C       TRP A   42   CD1    3.64 
ILE B   51   CA      TRP A   42   CD1    3.78 
ILE B   51   CG2     TRP A   42   CG     3.37 
ILE B   51   CG2     TRP A   42   CB     3.64 
ILE B   51   CG2     TRP A   42   C      3.03 















Multiple  alignment  of  selected  NTRs    The  NTRs,  with  their  accession  numbers  given  in  parentheses,  are 
HvNTR1 (A9YZV9), HvNTR2 (A9LN30) and HvNTRC (B0FXK2) from Hordeum vulgare (barley); TaNTR1 (Q8VX47) 
and TaNTR2  (TC297680)  from Triticum aestivum  (wheat); OsNTR1  (Q69PS6), OsNTR2  (Q6ZFU6) and OsNTRC 
 (Q70G58) from Oryza sativa (rice); ZmNTR1 (B6TPI3), ZmNTR2 (B7ZY93) and ZmNTRC (B4FJQ7) from Zea mays 
(maize);  AtNTRA  (Q39242),  AtNTRB  (Q39243)  and  AtNTRC  (O22229)  from  Arabidopsis  thaliana  (mouse‐ear 
cress); PtNTRA (AC149479), PtNTRB (B9I0K8) and PtNTRC (B9H9S9) from Populus trichocarpa (western balsam 
poplar);  MtNTRA  (A6XJ26)  and  MtNTRC  (A6XJ27)  from  Medicago  truncatula  (barrel  medic,  a  legume); 
S_cerevisiae  (P29509)  from  Saccharomyces  cerevisiae  (yeast);  D_discoideum  (Q54UU8)  from  Dictyostelium 
discoideum  (amoeba  "slime mold"); E_histolytica  (C4LW95)  from Entamoeba histolytica  (anaerobic parasitic 
protozoan);  A_niger  (XP_001389279)  from  Aspergillus  niger  (fungus);  T_acidophilum  (Q9HJI4)  from 
Thermoplasma  acidophilum  (facultative  anaerobe  archaea);  S_solfataricus  (Q97W27) NTRB  from  Sulfolobus 
solfataricus (archaea); E_coli (P0A9P4) from Escherichia coli (Gram‐negative bacteria); C_trachomatis (O84101) 
from  Chlamydia  trachomatis  (Gram‐negative  bacteria);  M_tuberculosis  (P52214)  from  Mycobacterium 
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Structure of Hordeum vulgare NADPH-dependent
thioredoxin reductase 2. Unwinding the reaction
mechanism
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Thioredoxins (Trxs) are protein disulfide reductases that
regulate the intracellular redox environment and are impor-
tant for seed germination in plants. Trxs are in turn regulated
by NADPH-dependent thioredoxin reductases (NTRs), which
provide reducing equivalents to Trx using NADPH to recycle
Trxs to the active form. Here, the first crystal structure of a
cereal NTR, HvNTR2 from Hordeum vulgare (barley), is
presented, which is also the first structure of a monocot plant
NTR. The structure was determined at 2.6 A˚ resolution and
refined to an Rcryst of 19.0% and an Rfree of 23.8%. The dimeric
protein is structurally similar to the structures of AtNTR-B
from Arabidopsis thaliana and other known low-molecular-
weight NTRs. However, the relative position of the two NTR
cofactor-binding domains, the FAD and the NADPH domains,
is not the same. The NADPH domain is rotated by 25
and bent by a 38% closure relative to the FAD domain in
comparison with AtNTR-B. The structure may represent an
intermediate between the two conformations described pre-
viously: the flavin-oxidizing (FO) and the flavin-reducing (FR)
conformations. Here, analysis of interdomain contacts as well
as phylogenetic studies lead to the proposal of a new reaction
scheme in which NTR–Trx interactions mediate the FO to FR
transformation.
Received 4 May 2009




Thioredoxin (Trx) systems are ubiquitous redox regulators
that facilitate the reduction of other proteins via disulfide-
exchange reactions (Fig. 1a). In most organisms, Trx is reduced
enzymatically by NADPH viaNADPH-dependent thioredoxin
reductase (NTR; Williams, 1976). The tripartite system of Trx,
NTR and NADPH is known to be involved in DNA synthesis,
oxidative-stress response and apoptosis (Arne´r & Holmgren,
2000). Thus, reduced thioredoxin can activate ribonucleotide
reductase (Laurent et al., 1964; Moore et al., 1964), methionine
sulfoxide reductase (Russel & Model, 1986) and peroxi-
redoxins (Tripathi et al., 2009).
Plants exhibit a unique thioredoxin system with a complex
time-, tissue- and organelle-specific expression pattern of a
diverse selection of Trx isozymes that are not found in other
organisms (Gelhaye et al., 2004; Ishiwatari et al., 1998).
Furthermore, some plant Trxs are reduced by ferredoxin and
ferredoxin reductase (FTR; de la Torre et al., 1979) or by the
glutaredoxin system: glutaredoxin (Grx), glutathione and
glutathione reductase (GR; Gelhaye et al., 2003). The NTR/
Trx system in plants has a variety of functions and a wide range
of target proteins have been identified by proteomics
approaches (Ha¨gglund et al., 2008). Cytosolic Trx h plays
important roles during seed germination by reducing disul-
fides in storage proteins and inhibitors of proteases and
-amylases (Jiao et al., 1993; Serrato & Cejudo, 2003; Wong et
al., 2004). Barley seeds contain two forms each of Trx h and
NTR that have an overlapping spatio-temporal appearance
and can interact interchangeably (Maeda et al., 2003; Shahpiri
et al., 2008, 2009).
NTRs are members of the family of pyridine nucleotide-
disulfide oxidoreductases (Pai, 1991) and contain two Ross-
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Figure 1
(a) Reaction catalyzed by NTR. Reducing equivalents are transferred from NADPH to FAD bound to NTR. From FAD they are transferred to a
disulfide bond in the NADPH domain of NTR and further to a disulfide in the Trx substrate. In order to catalyze the entire reaction, NTR needs to swap
between two conformations: the flavin-oxidizing (FO) and flavin-reducing (FR) conformations. The electron transfer linked to each conformation is
framed. (b) A schematic view of the FO and FR conformations as proposed by Waksman et al. (1994). The two subunits in each NTR dimer are shown in
blue and green, respectively. The darker coloured ovals symbolize the FAD domains, while the lighter coloured ovals show the NADPH domains.
Disulfide and thiols are indicated as S-S and S-H, respectively. The black lines connecting the two domains symbolize the antiparallel -sheets around
which a 66 rotation occurs to bring NTR from the FO to the FR conformation. Thereby, the nicotine amide ring is positioned in proximity to the flavin
isoalloxazine-ring system and the dithiols are brought to the surface of the protein where they can reduce Trx (shown in yellow). (c) The NTR reaction
scheme modified to take the observation of differences in inter-domain interactions and lack of space for NADPH binding in the HvNTR2 crystal
structure into account. Hydrogen bonds are shown by dotted lines. Trx interaction is required for breakage of inter-domain contacts in the FO
conformation and domain reorientation, and NADPH/NADP+ is assumed not to bind during domain reorientation.
mann-type domains that bind FAD and NADPH, respectively.
NTRs from mammals and other higher eukaryotes are closely
related to GR and are relatively rigid homodimeric proteins
of >50 kDa. Each subunit contains three domains, of which the
C-terminal domain forms the subunit interface (Manstein et
al., 1988; Waksman et al., 1994; Williams et al., 2000). Bacteria,
yeast and plant NTRs (35 kDa) also contain two Rossmann-
type nucleotide-binding domains, but they lack the extra
C-terminal domain. A subgroup of larger (51–58 kDa)
chloroplastidial NTRs contain an extra C-terminal domain
with a Trx-like active-site motif CGPC (Alkhalfioui et al.,
2007; Serrato et al., 2004). This domain is not related to the
C-terminal domain found in NTRs from higher eukaryotes
and its presence defines the plant NTR-C subtype.
In the NTR-mediated reactivation of Trx, electrons are
transferred from NADPH to Trx via a tightly bound FAD and
a disulfide bridge (Mustacich & Powis, 2000). The active-site
disulfide is found in the FAD domain in NTRs from higher
eukaryotes and GRs and electron transfer occurs without any
major structural changes. However, in the low-molecular-
weight NTRs the disulfide is located in the NADPH domain
and in the first crystal structure of the enzyme it is inaccessible
to Trx in the so-called flavin-oxidizing conformation (FO), in
which FAD is oriented for transfer of electrons to the NTR
disulfide (Kuriyan et al., 1991).
It was proposed that a 66 rotation about two -strands
connecting the FAD and the NADPH domains could expose
the active-site cysteines and bring them into contact with the
Trx active site and at the same time bring the FAD isoallox-
azine into contact with NADPH for reduction (Waksman et
al., 1994; Fig. 1b). The crystal structure of Escherichia coli
NTR (EcNTR) cross-linked to Trx demonstrated that the
proposed reaction mechanism was indeed plausible (Lennon
et al., 2000). The complex illustrates how FAD is oriented for
reduction by NADPH and the reduced active-site cysteines
exposed for Trx binding in the so-called flavin-reducing (FR)
conformation. In a previous study, Lennon and Williams
showed that no single step in the reductive half-reaction of
NTR was solely rate-limiting in turnover and reported a slight
decrease in the observed rate constant for the rate-limiting
step as a function of NADPH concentration. They proposed
the FO to FR conformational change to be rate-limiting
(Lennon & Williams, 1997).
Fifteen low-molecular-weight NTR structures have been
deposited in the PDB; five of these are structures of EcNTR
(Kuriyan et al., 1991; Lennon et al., 1999, 2000; Waksman et al.,
1994). Eight other bacterial NTRs have had their structures
determined (Akif et al., 2005; Gustafsson et al., 2007; Her-
nandez et al., 2008; Ruggiero et al., 2009 and the unpublished
deposition 2q7v; D. A. R. Sanders, J. Obiero, S. A. Bonderoff
& M. M. Goertzen), while only one yeast (Zhang et al., 2009)
and one plant NTR, the Arabidopsis thaliana NTR-B
(AtNTR-B; Dai et al., 1996), have been deposited. All
deposited structures, except for the EcNTR–Trx complex and
the structure of Thermoplasma acidophilum NTR, which
apparently does not need NADPH as an electron donor, show
an NTR in the FO conformation.
The present analysis of the structural and functional prop-
erties of plant NTRs reports the structure of barley (Hordeum
vulgare) NTR2 (HvNTR2), the first structure of a monocot
NTR, which moreover falls into a distinct phylogenetic class of
NTRs (Shahpiri et al., 2008). The overall structure ofHvNTR2
is found to be the same as previously reported for EcNTR and
AtNTR-B, but has a different relative orientation of the FAD
and NADPH domains which would interfere with NADPH
binding as defined by the structure of EcNTR with bound
NADP+ or AADP+ (Lennon et al., 2000; Waksman et al., 1994).
The results lead to the proposal that domain reorientation
facilitated by binding of Trx to the NTR FO state precedes the
binding of NADPH.
2. Experimental procedures
2.1. Protein expression and purification
Recombinant HvNTR2 was expressed in E. coli Rosetta
(DE3) (Novagen) with an N-terminal His tag MGSSHHHH-
HHSSGLVPRGSH as described previously (Shahpiri et al.,
2008). More specifically, His6-HvNTR2 was purified on a
HisTrap HP affinity column (GE Healthcare) pre-equilibrated
with 10 mM imidazole, 0.5M NaCl and 30 mM Tris–HCl pH
8.0 and eluted with a 0–100% gradient of 400 mM imidazole,
0.5M NaCl and 30 mM Tris–HCl pH 8.0. Finally, the protein
was dialyzed against 10 mM Tris–HCl pH 8.0, the purity was
checked by SDS–PAGE and the sample was concentrated on
an Amicon Ultra centrifugal filter unit (10 kDa molecular-
weight cutoff; Millipore) to an OD280 of 3.96, which corre-
sponds to a concentration of approximately 2.5 mg ml1. The
His6-HvNTR2 solution was used for crystallization experi-
ments without further purification and was not subjected to
thrombin cleavage.
2.2. Crystallization and data collection
Initial crystallization screening experiments were carried
out using the PEG 6000 Grid Screen (Hampton Research) and
the hanging-drop vapour-diffusion method. Drops of 2.0 ml
protein solution were mixed with 2.0 ml reservoir solution and
equilibrated over a 500 ml reservoir. Yellow needles were
detected in 5%(w/v) PEG 6000 (Fluka) and 0.1M citrate
buffer pH 4.0 after 4 d of incubation at 295 K. Fine-tuning of
crystallization conditions included screening of the PEG
concentration, the effect of the PEG molecular weight and use
of the Hampton Research Additive Screen. The optimized
conditions consisted of 24%(w/v) PEG 400, 2% Jeffamine
M-600, 0.1M citrate buffer pH 3.5, a protein concentration of
5.7 mg ml1 and an incubation temperature of 298 K. These
conditions gave bright yellow crystals with hexagonal
morphology within a week. The diameter of the crystals could
reach 0.18 mm. The crystals were flash-frozen directly from
the drop without using additional cryoprotectants.
The final X-ray data set was collected at 100 K on the
ID14-2 beamline at ESRF in Grenoble using a wavelength of
0.933 A˚. A total of 120 frames were collected, each covering
an oscillation width of 0.5. The data were indexed and inte-
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grated using MOSFLM (Leslie, 1992) and scaled using the
program SCALA from the CCP4 suite (Collaborative
Computational Project, Number 4, 1994). The best crystal
diffracted to a resolution of 2.6 A˚ and belonged to space group
P6222, with unit-cell parameters a = b = 133.7, c = 166.1 A˚.
Assuming the presence of two molecules in the asymmetric
unit gave a Matthews coefficient of 2.90 A˚3 Da1 (Matthews,
1968). Final data-collection and processing statistics are
summarized in Table 1.
2.3. Structure determination and refinement
Molecular replacement was performed with the program
MOLREP (Vagin & Teplyakov, 2000) from CCP4 using the
structure of AtNTR-B as the initial search model. The
HvNTR2 and AtNTR-B sequences are 75% identical. Signif-
icant molecular-replacement solutions were only found when
the FAD and the NADPH domains were used as independent
search models. The model was first refined using REFMAC5
(Murshudov et al., 1997) and at later stages using Phenix
(Adams et al., 2002) and including TLS refinement interspaced
with manual model rebuilding in Coot (Emsley & Cowtan,
2004) using the Coot validation procedures and MolProbity
(Davis et al., 2007) to correct problematic areas of the model.
The final model had an Rcryst of 19.0% and an Rfree of 23.8%
based on 5% of the reflections. The Rfree reflections were
picked by random selection of reflections. The two molecules
in the asymmetric unit, which do not represent the functional
dimer, were divided into five TLS segments each using the
TLSMD server (Painter & Merritt, 2006). The TLS segments
in molecule A in the asymmetric unit are residues 6–71, 72–
127, 128–181, 182–258 and 259–323. In molecule B the TLS
segments cover residues 5–60, 61–127, 128–168, 169–255 and
256–323. The two first TLS segments in each molecule belong
to the FAD domain, the following two belong to the NADPH
domain and the last segment corresponds to the C-terminus of
the FAD domain. Owing to the limited resolution of the data,
only 48 solvent molecules were included and only where
Fobs  Fcalc electron density of >3 with optimal hydrogen-
bonding distances to hydrogen donors or acceptors was found.
Four citrate molecules were included in excess electron
density owing to the appropriate size and geometry of this
molecule and the presence of citrate in the crystallization
conditions. Two citrate ions are bound in each NADPH
domain. Some excess 2Fobs  Fcalc electron density in the
active site adjacent to the FAD isoalloxazine could not be
satisfactorily modelled by solvent or citrate. Parameters for
the refined model are summarized in Table 1. Solvent acces-
sibility was calculated usingAREAIMOL from the CCP4 suite
with a 1.4 A˚ radius probe (Collaborative Computational
Project, Number 4, 1994). Differences in domain orientation
were analyzed using the DynDom server (Hayward & Lee,
2002). Superpositions were performed in Coot (Emsley &
Cowtan, 2004). Inter-domain and ligand interactions were
plotted using the program LIGPLOT (Wallace et al., 1995).
The molecular coordinates and structure factors have been
deposited in the Protein Data Bank under the accession code
2whd.
3. Results and discussion
3.1. Structure quality
The final model of HvNTR2 contains two molecules in the
asymmetric unit, covering residues 6–323 (chain A) and 5–323
(chain B). The numbering refers to the amino-acid sequence
of wild-type HvNTR2. The biologically relevant dimer,
inferred by analogy to the E. coli NTR system, is formed
around the crystallographic twofold axis. The structure was
determined at 2.6 A˚ resolution and refined to an Rcryst of
19.0% and an Rfree of 23.8%. One FAD molecule with well
defined electron density and B factors (40 A˚2) comparable
to the surrounding protein is present in each subunit. NADPH
did not fit the excess electron density in the expected
NADPH-binding pocket. Instead, the density fitted reason-
ably well to a citrate molecule accidentally present from the
crystallization conditions (real-space R factor = 0.7–0.9). High
B factors but continuous main-chain electron density is found
in the N-terminus (residues 6–12), the loop between A1 and
B3 (residues 33–35), B5 and surrounding loops (residues 96–
105), the loop between B10 and B11 (residues 153–158), B12
and surrounding loops (residues 174–196) and B15 and
surrounding loops (residues 220–245) (Supplementary Fig. 11).
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Table 1
Data-collection and refinement statistics.
Values in parentheses are for the highest resolution bin.
Data collection
Resolution (A˚) 49.9–2.60 (2.74–2.60)
No. of unique reflections 27423 (3937)
Redundancy 7.1 (7.3)
Completeness (%) 99.6 (99.6)
Rmerge† (%) 6.6 (35.0)
hI/(I)i 18.4 (4.4)
Wilson B factor (A˚2) 59.8
Refinement
No. of amino-acid residues 635
No. of water molecules 48
Rcryst‡ (%) 19.0
Rfree‡ (%) 23.8
Estimated coordinate error (A˚) 0.33








Most favoured (%) 82.8
Additionally allowed (%) 16.1










i IiðhklÞ, where hI(hkl)i is the mean







hkl jFobsj, where Fobs and Fcalc are observed and calculated structure factors,
respectively. For Rfree, the sum is extended over a subset of reflections (5%) that were
excluded from all stages of refinement.
1 Supplementary material has been deposited in the IUCr electronic archive
(Reference: BE5129). Services for accessing this material are described at the
back of the journal.
The highest B factors were found in the C-terminal part of the
FAD domain. The two molecules in the asymmetric unit can
be superimposed with an r.m.s.d. of 0.1 A˚ for C atoms. The
largest differences are found in the C-terminal part of the
FAD domain and especially in the loop between -strands B18
and B19. Structure-quality parameters are summarized in
Table 1.
3.2. Overall structure
As in other low-molecular-weight NTRs, HvNTR2 forms a
homodimer with each subunit having two domains: the FAD
and the NADPH domain. The two domains are quite similar,
with 82 superimposable C atoms giving a root-mean-square
deviation of 2.4 A˚. The FAD domain consists of residues
1–126 and 255–331 and has an / structure comprised of a
central five-stranded parallel -sheet flanked by a four-
stranded -sheet on one side and three -helices on the other
(Fig. 2 and Supplementary Fig. 2). The NADPH domain
consists of amino-acid residues 127–254; here, a similar five-
stranded parallel -sheet is flanked by a three-stranded
-sheet on one side and two -helices plus a third short -helix
containing the active-site cysteines on the other side of the
sheet. The two domains are connected by two antiparallel
-strands (amino-acid residues 124–126 and 255–257), which
as per tradition are assigned to the FAD domain (Fig. 2). Only
a few inter-domain interactions stabilize the relative orienta-
tion of the two domains (see x3.7 and Table 2).
3.3. General NTR features
The overall structure of HvNTR2 is the same as the struc-
ture of other low-molecular-weight NTRs. Superposition of
HvNTR2 C atoms with the structure of AtNTR-B shows that
that they are quite comparable, with root-mean-square
deviations of 0.7 and 1.0 A˚ for the FAD and NADPH domains,
respectively (calculated as least-square deviations using Coot).
However, the relative orientation of the two domains in
HvNTR2 is quite different from their orientation in AtNTR-B
and other low-molecular-weight NTRs in the FO conformation
(Fig. 2); the difference in orientation of the NADPH and FAD
domains can be described by a 38.2% closure, a 1.0 A˚ trans-
lation and a 24.7 rotational twist. The rotation is centred
about amino-acid residues 124–125 and 255–256, which are
found in the short two-stranded -sheet connecting the two
domains, and shifts the orientation of the FAD molecule with
respect to the active-site
cysteines. The distance from
Cys148 to the nearest reducing
nitrogen in the isoalloxazine rings
is increased from the 3.4 A˚
observed in the structure of
AtNTR-B to 5.9 A˚, the solvent
accessibility of the FAD molecule
is increased by 450% and that of
the active-site disulfide is
increased by 66%. The dimer
assembly is not affected by the
changed subunit conformation
and FAD can still be reduced by
NADPH as judged from the
bleaching of the otherwise bright
yellow colour of the crystals when
they are subjected to a concen-
tration of 10 mM NADPH for
30 min.
When the structure of AtNTR-
B is compared with that of the
EcNTR in the FR state (PDB
code 1f6m), they differ by a minor
translation of 1 A˚ and by a
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Figure 2
(a) Superposition of the FAD domains of HvNTR2 (blue) and AtNTR-B (white; PDB code 1vdc). The
NADPH domains (green) were not included in the superposition. The HvNTR2 FAD and the disulfide
bridge are shown in yellow and the -strand linker is shown in pink. (b) Superposition of the NADPH
domains of HvNTR2 (green) and AtNTR-B (white; PDB code 1vdc). Yellow arrows indicate the relative
change in domain arrangement between the two structures.
Table 2
Inter-domain contacts in the FO states of EcNTR (PDB code 1tde, no











EcNTR Gly129 Thr47 3.1 Hydrogen bond
Arg130 Glu48 3.0 Hydrogen bond
Gln42 Ala116 3.1 Hydrogen bond
Gly129 Thr47 3.9 van der Waals
Phe142 Glu50 3.3/3.9/3.8 van der Waals
AtNTR-B Trp140 Thr53 2.7 Hydrogen bond
Asn141 Thr53 3.1 Hydrogen bond
Gln50 Ala124 2.9 Hydrogen bond
Lys125 Glu258 3.4 van der Waals
HvNTR2 Tyr273 His255 3.1 Hydrogen bond
Arg127 Glu256 3.3 Hydrogen bond
Arg127 Glu256 3.8 van der Waals
Arg300 His255 3.7/3.7 van der Waals
Asn45 Val125 3.8 van der Waals
Ile47 Val125 3.8 van der Waals
substantial 65.6 rotation about the two -strands connecting
the domains. However, comparing the structure of EcNTR in
the FR conformation with the structure of HvNTR2 shows
that they differ by a 6.7% closure, a translation of 1.4 A˚ and
a rotation of 49.8. The smaller rotation of 49.8 compared
with 65.6 indicates that HvNTR2 is actually closer to the FR
conformation than other crystallized NTRs, which have all
been in the FO conformation. Yet, within the group of NTR
structures determined in the FO conformation there are minor
variations in the relative orientation of the two domains.
Superposition with EcNTR requires an 8 inter-domain rota-
tion for both AtNTR-B and Saccharomyces cerevisiae NTR
(ScNTR; Zhang et al., 2009) and an 11 rotation in the case of
Mycobacterium tuberculosis NTR (MtNTR; Akif et al., 2005),
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Figure 3
Segment of a sequence alignment of NTRs from different plants covering the two variable-loop segments in plant NTRs. The complete alignment can be
found in Supplementary Fig. 1. The NTRs, with their accession numbers given in parentheses, are HvNTR1 (EU314717), HvNTR2 (EU250021) and
HvNTRC from Hordeum vulgare (barley); TaNTR1 (Q8VX47) and TaNTR2 (TC297680) from Triticum aestivum (wheat); OsNTR1 (Q69PS6),
OsNTR2 (Q6ZFU6) and OsNTRC (Q70G58) from Oryza sativa (rice); ZmNTR1 (EU966898), ZmNTR2 (BT054285) and ZmNTRC (BT037345) from
Zea mays (maize); AtNTRA (Q39242), AtNTRB (Q39243) and AtNTRC (O22229) from Arabidopsis thaliana (mouse-ear cress); PtNTRA (AC149479),
PtNTRB (XM_002317595) and PtNTRC (XM_002308899) from Populus trichocarpa (western balsam poplar); and MtNTRA and MtNTRC from
Medicago truncatula (barrel medic, a legume). The sequences were aligned using ClustalW (Thompson et al., 1994) and divided into four groups based on
the phylogenetic analysis. Groups 1 and 2 are both monocotyledon subgroups of the A/B type, group 3 is the dicotyledon type A/B and group 4 is the
subgroup of the C-type NTRs. Strictly conserved residues have a red background and residues that are well conserved within a group according to the
Risler matrix (Risler et al., 1988) are indicated by red letters. Residues conserved between groups are boxed. The secondary structure of HvNTR2 was
added using ESPript (Gouet et al., 1999) and coloured according to domain: the NADPH domain is in green and the -sheet linker between the two
domains is in pink. Residues assumed to make hydrogen bonds to NADPH are marked by stars and the active-site cysteines are marked by cyan circles.
The B9–B10 and the B14–B15 loops show the largest structural variation in a superposition of the HvNTR2 and the AtNTR-B structures. The primary
structure of AtNTR-B differs from the validated Q39243 sequence at positions 120 (I!T), 135 (V!A), 136 (L!S) and 329 (E!Q).
indicating that the relative position of the two domains in the
absence of a target substrate is quite flexible. A room-
temperature structure of AtNTR-B has been reported to be 2
off with respect to the relative orientation of the two domains
compared with the deposited 98 K data (Dai et al., 1996).
Unfortunately, the coordinates from the room-temperature
study have not been deposited in the PDB and it is not
possible to relate this to the structural variation that we
observe in HvNTR2.
3.4. Plant-specific NTR motifs
The structure of AtNTR-B is the only other plant NTR
structure reported to date. As mentioned previously, the two
proteins have 75% sequence identity. A superposition of the
FAD domains (Fig. 2a) shows a very similar orientation of
loops, -helices and -sheets and the aforementioned varia-
tion in relative domain orientation. Some major structural
differences are observed in two loop regions when the
NADPH domains alone are superimposed (Fig. 2b). The long
loop region between strand B9 and B10 contains four addi-
tional residues in AtNTR and therefore has a protrusion. This
loop has the sequence S/N/P-F-T/V/A-G-S-G/E-E/K/T/D-G/
A-N/P/S-G/N-G in dicot NTRs (the four extra residues are
missing in Populus trichocarpa), while monocot NTRs of the
A/B type have a H/Y-F-S/P/A-G-S-D-T/A sequence (Fig. 3
and Supplementary Fig. 2). The second variable loop is located
between -strands B14 and B15. This loop is glycine-rich in
HvNTR2 and other monocot NTRs, in which a G-G-A/E/S-N/
G/D-G-G-P-L-A/G motif is found. The corresponding loop in
dicots appears to be variable in sequence and length. Both
loops are expected to face the incoming Trx substrate mole-
cule (Fig. 4).
The sequence combination in the two loops appears to vary
between isoforms from the same species and the combined
effect of the variation in the loops might result in the observed
species-dependent interaction between NTR and Trx (Jacquot
et al., 1994; Rivera-Madrid et al., 1995; Shahpiri et al., 2008)
and could indicate that Trx sub-
strate specificity could be some-
what differentiated via these
loops. All monocots included in
the phylogenetic analysis of the
plant NTRs have two low-
molecular-weight NTRs of the
A/B-type clustering in different
subgroups (Fig. 3 and Supple-
mentary Fig. 2). In contrast, dicot
NTRs of the A/B type appear to
be more similar and are not
subdivided. Both monocots and
dicots express a single NTR of
the C type, which has been char-
acterized as chloroplast-specific




encloses the FAD between its
two nonsequential halves, with
the FMN part buried in the first
half of the domain. Both
hydrogen bonds (eight amino-
acid residues contributing ten
hydrogen bonds; Ser18, Ala21,
Ile27, Gln52, Asn61, Val94,
Asp293 and Ala302) and van der
Waals interactions (involving 25
amino-acid residues) contribute
to FAD binding. The hydrogen-
bonding residues are conserved
among the plant NTRs but are
not conserved among all NTRs
(Supplementary Fig. 2). Only a
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Figure 4
Superposition of the NADPH domains of HvNTR2, AtNTR-B (white; PDB code 1vdc) and EcNTR in the
FR conformation (grey; PDB code 1f6m) covalently bound to Trx (yellow). HvNTR2 is coloured according
to domain, with the FAD domain in blue, the NADPH domain in green and the -sheet linker between the
two domains in pink. (a) The hydrogen bonds between residues in EcNTR (red) and Trx (cyan) are
indicated by dotted lines. (b) Cartoon representation focused on the two loop areas with the largest
structural variations. The loops of HvNTR2 are coloured red.
few conservative substitutions are found among the van der
Waals interacting residues, e.g. AtNTR-B residues Val14 and
Ile120 are substituted by HvNTR2 residues Ile16 and Thr122,
respectively.
3.6. NADPH binding
The binding of NADP+ to EcNTR in the FO conformation
(PDB code 1tdf) was used for comparison with the potential
NADPH-binding pockets of AtNTR-B and HvNTR2. The
residues involved in the binding of NADP+ in EcNTR and
potentially in HvNTR2 and AtNTR-B are listed in Supple-
mentary Table 1. All of the likely NADPH-binding residues
are identical in HvNTR2 and AtNTR-B and only a few con-
servative substitutions are found when compared with the
actual binding pocket of EcNTR.
A sulfate ion was found in the NADPH-binding pocket in
the AtNTR-B crystal structure and the partly occupied
NADPH molecule also found in the pocket was in a distorted
NADPH-binding mode. The likely binding of a citrate ion in
the HvNTR2 NADPH-binding pocket not only occludes
NADPH binding but could also be the cause of the observed
change in the relative domain orientation, which obstructs any
possibility of NADPH binding owing to spatial limitations.
Also, the unassigned electron
density below the isoalloxazine-
ring system in the HvNTR2
structure might influence the twist
and closure in the domain struc-
ture.
The overall charge distribu-
tions and shapes of the EcNTR
and HvNTR2 NADPH-binding
pockets were examined and
showed very similar charge
distributions, with a large number
of positive charges matching the
negative charges of the NADPH
phosphates. However, the super-
position also showed that there is
not enough space in the HvNTR2
NADPH pocket to accommodate
the ribose moiety of NADP+
owing to the changed orientation
of the FAD domain. Thus, if
HvNTR2 represents an inter-
mediate between the FO and the
FR states, NADPH would have to
undergo a considerable confor-
mational change during catalysis.
It appears likely that NADPH
binds following the conforma-
tional change, which would also
be in agreement with the pre-
viously observed slight decrease
in the observed rate constant for
the domain reorientation event
with increasing NADPH concentration (Lennon & Williams,
1997). The NADPH-binding pocket is fully solvent-accessible
in the FR conformation (PDB code 1f6m). However, it is also
possible that the observed domain orientation only reflects the
binding of citrate in the active site and therefore is of no
relevance to the reaction mechanism.
3.7. Inter-domain contacts
The inter-domain contacts in the FO conformation were
mapped for EcNTR (PDB code 1tde), AtNTR-B and
HvNTR2 (Table 2). The hydrogen bonds between the two
domains in EcNTR originate from the loop between strands
B9 and B10. Here, Gly129 and Arg130 form bonds to Thr47
and Glu48, respectively, in the FAD domain (Table 2 and
Fig. 5). A third hydrogen bond connects Gln42 from the FAD
domain to Ala116 in the hinge region. The inter-domain
contacts are dislocated by two residues in AtNTR-B, but
involve the same loop. Here, Trp140 and Asn141 from the
NADPH domain form hydrogen bonds to Thr53 in the FAD
domain. As in EcNTR, a third hydrogen bond between Gln50
and Ala124 connects the FAD domain to the hinge region.
The residues involved in hydrogen bonds between domains
are conserved in the HvNTR2 and AtNTR-B primary
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Figure 5
Thioredoxin-binding patch defined by the covalent EcNTR–Trx complex. (a) The EcNTR dimer in the FO
conformation (PDB code 1tde). One subunit is shown in green and the solvent-accessible surface of the
other is shown in orange. Residues Gly129 and Arg130 in the NADPH domain form the only hydrogen
bonds to the FAD domain in the FO conformation. These residues (yellow) together with Ala237 provide
all five of the hydrogen bonds formed upon Trx binding to the FR conformation. The residues interacting in
the dimer interface are adjacent to the two loops (blue) that possibly provide some selectivity towards Trx
isoforms. The association of Trx with this area prior to the conformational shift would break the inter-
domain hydrogen bonds and thereby facilitate the shift. (b) A close-up view with hydrogen bonds indicated
as dotted lines. (c) Solvent-accessible surface of the same area.
sequences, but since the domains are in different relative
orientations the same hydrogen bonds cannot be formed. Only
two inter-domain hydrogen bonds are found inHvNTR2, both
of which are mediated through the hinge region.
Nonbonded (van der Waals) interactions are located in the
Gly129 and Thr47 area in EcNTR and there are additional
interactions between residue Phe142 in -helix A3 carrying
the active cysteines and Glu50 in the FAD domain. InAtNTR-
B the only inter-domain van der Waals interaction is between
Glu258 in the hinge region and Lys125 located very nearby in
the NADPH domain; similarly, in HvNTR2 the van der Waals
interactions are mediated through the hinge region only.
These are from Glu256 to Arg127 of the NADPH domain,
from His255 to Arg300 of the FAD-binding domain and from
Val125 to Asn45 and Ile47 of the FAD-binding domain.
3.8. The reaction mechanism
The main inter-domain contacts in the FO conformation in
EcNTR and AtNTR-B are centred on the loop between
-strands B9 and B10. This loop contains an arginine residue
(Arg130 in EcNTR) that is conserved in plant NTR sequences
(Arg142 in AtNTR-B and Arg140 in HvNTR2; Fig. 3). It is
also found in most NTR sequences from other species, but can
be substituted by lysine or asparagine. Arg130 forms three of
the seven hydrogen bonds to Trx upon binding of the substrate
in the EcNTR FR conformation (PDB code 1f6m). The
neighbouring Gly129 and Ala237 within its spatial proximity
are each involved in one hydrogen bond to Trx. The last two
hydrogen bonds engage the active-site amino-acid residues
Cys138 and Asp139 (Fig. 4).
This patch, which adjoins the variable loops in the NADPH
domain, supplies all hydrogen bonds specific for Trx binding
besides those in the active site. The same area provides the
interactions for anchoring of the NADPH domain to the FAD
domain in the FO state in both EcNTR and AtNTR-B. If Trx
binds to this patch in the FO conformation, the main
anchoring between the domains will be broken and thereby
two hydrogen bonds are replaced by four to five new ones in
the NTR–Trx interface (Fig. 1c). The binding of Trx could be
guided by the two variable loops, ensuring binding to the
optimal Trx isoform. The loop area is free to interact with Trx
as observed for the FO conformation of EcNTR (Fig. 5).
A third loop found between strand B3 and a short 310-helix
has been predicted to bind to Trx (Zhang et al., 2009). Dicot
NTRs have a strictly conserved E-G-W-M-A-N-D-I-A-P-G-G
sequence in this area, while monocot NTRs display a greater
sequence variation and invariably have the proline exchanged
for an alanine. The C-type plant NTRs have a loop which is
one amino-acid residue shorter in this region and has the
consensus motif E-G-Y/C-Q-M/V-G-G-V-P-G-G. Simulta-
neous binding of Trx to this loop and active-site cysteines
would require the NTR domain twist to have occurred.
Association of Trx with the FO conformation prior to
NADPH binding might help in defining the NADPH-binding
site. Our postulation that Trx breaks the inter-domain contacts
as the first part of the reaction mechanism implies that the
NTR domain rotation only happens, or only happens suffi-
ciently, when Trx is available and would explain why almost all
NTRs crystallized to date have been in the FO conformation.
If the structure ofHvNTR2 is an intermediate between the FO
and the FR conformations, it shows that there is not room for
bound NADPH during the domain-rotation step. The con-
formational change from the FO to the FR state could be part
of the mechanism that secures the release of NADP+ from FR.
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multi‐step electron  transfer process eventually  transfer  reducing equivalents  from NADPH 
to Trx and return Trx to  its active form. NTR needs to shift between two conformations  in 
order  to go  through a  full catalytic cycle: The  flavin oxidicing  (FO) and  the  flavin  reducing 
(FR) conformations, respectively. Almost all crystal structures of NTRs are found to be in the 
FO conformation. We have previously determined the structure of barley NTR2, HvNTR2  in 
an  intermediate conformation. Here we present a complex model between NTR  in  the FR 
 conformation and Trx  from Hordeum  vulgare, barley.  In  this model,  the  two proteins are 
covalently  bound  by  an  intermolecular  disulfide  bond  between  the  active  site  cysteines 
mimicking  a  catalytic  intermediate.  The model  has  implications  for  the  regulation  of  Trx 





processes  such  as  DNA  synthesis,  oxidative  stress  response  and  apoptosis  (Arnér  & 
Holmgren,  2000).  Trx  are  disulfide  reductases  and  activate  enzymes  like  ribonucleotide 
reductase (Laurent et al., 1964; Moore et al., 1964), methionine sulfoxide reductase (Russel 
and Model, 1986) and peroxiredoxins (Tripathi et al., 2009) by reduction of disulphide bonds 
of  these  enzymes.  In  non‐chloroplastic  environments,  oxidised  Trx  is  typically  recycled 
enzymatically by NADPH‐dependant thioredoxin reductase (NTR), which transfers reducing 
equivalents  from NADPH  to  Trx  via  a  bound  FAD  and  a  redox‐active  disulfide  (Williams, 
1976).  NTRs  are members  of  the  family  of  pyridine  nucleotide‐disulfide  oxidoreductases 
(Pai, 1991). In plants, Trxs are involved in a wide range of physiological processes including 




al.,  2004;  Ishiwatari  et  al.,  1998).  The  occurrence  of multigene  families  in  plants  is  not 
unique to the Trx‐NTR redox couple but  is a well‐known phenomenon for a  large selection 
of plant proteins and enzymes. The  implications of  the presence of multigene  families  in 
plants are not clear  (Gelhaye et al., 2005). At  least six different sub‐types of Trxs exists  in 
plants, f, m, x, y, h, and o. The cytosolic h‐type Trxs play roles during seed germination by 






Bacteria, yeast and plants all have  low‐molecular‐weight  (LWM) NTRs  (~35 kDa) that 
contain  two  domains;  the  FAD  domain  that  has  a  bound  FAD molecule,  and  the NADPH 
domain with a NADPH binding site and the active site disulfide. NTR can exist in at least two 
well‐documented  conformations  i.e.  the  flavin  oxidizing  (FO)  and  the  flavin  reducing 




FR  conformation  allows  transfer  of  reducing  equivalents  from  the  nicotinamide  ring  of 
NADPH (yielding NADP+) to the flavin ring system of FAD reducing it to FADH2 with the gain 
of two electrons. A 67° rotation about the two ‐strands connecting the FAD and the NADPH 
domains  brings  the  protein  from  one  conformation  to  the  other  (Waksman  et  al.,  1994; 
Lennon et al., 2000).  
The  low molecular weight NTR  structures deposited  in  the Protein Data Bank are  in 
the FO conformation with few exceptions; The structure of the two NTRs found to be in the 
FR  conformation  are  from  the  Gram‐negative  bacteria  Campylobacter  jejuni  (pdb  3R9U, 
Osipiuk  et  al.,  unpublished)  and  the  facultative  anaerobe  archaea  Thermoplasma 











residues were produced  to  assess  their  roles  in Trx  recognition  and  recycling. The model 




Building  and  evaluating  a  complex  model  between  HvNTR2  and 
HvTrxh2 
A model was  constructed  of  HvNTR2  in  the  FR  conformation  covalently  bound  to 







examined  bonds  deviate  less  than  four  standard  deviations  (4σ)  from  standard  bond 
lengths. Furthermore, backbone dihedral bond angles from Ramachandran plots of the final 











the  FAD‐loop  (Figure  3A).  An  alignment  of  various  NTRs  (Figure  4A,  full  alignment  in 
Supplementary  data  1)  shows  that  with  the  exception  of  the  residues  Trp42HvNTR2  and 
Met43HvNTR2,  this  sequence  is conserved among NTRs  from monocot plants. Between NTR 
 isoforms 1 and 2, only two very conservative substitutions are observed at Trp42 (Trp/Phe) 
and Met43 (Met/Leu). Among dicot plants Ala49 is replaced by a proline, which could have 
some  consequences  for  the  flexibility and adaptability  to different Trx  isoforms. However 
the position of the backbone of the loop is not changed due to this proline (Figure 4B). For 
NTR‐Cs, which are plant NTRs with an  integrated Trx  located  in chloroplasts (Alkhalfioui et 
al., 2007; Serrato et al., 2004), the corresponding sequence, EG(Y/C)Q(M/V)GG‐VPGG, is one 
residue  shorter  than  in  the  other  plant NTRs.  The  FAD‐loop  is  positioned  the  same way 
(Figure 4B) in the available structure of eukaryotic LMW NTRs (HvNTR2 from Kirkensgaard et 
al., 2009; AtNTR‐B  from Dai et al., 2006; and  the  two  structures of NTR  from yeast  from 
Zhang et al., 2009 and Oliveira et al., 2010), and the proline of the dicot AtNTR‐B does not 
change the position of the loop (Figure 4B). 
In Saccharomyces cerevisiae  (yeast),  the FAD‐loop has  the  sequence EGMMANGIAA, 
and was predicted to be involved in the binding of Trx by hydrophobic contacts (Zhang et al., 
2009). A corresponding sequence is found in LMW NTRs from other eukaryotes as well, e.g. 
Aspergillus  Niger  (fungus),  Entamoeba  histolytica  (anaerobic  parasitic  protozoan)  and 
Dictyostelium  discoideum  (amoeba),  all  have  varieties  of  this  sequence  (Figure  4A). 
Examples of bacteria containing a similar hydrophobic sequence are also found; the Gram‐






The modelled position of  the FAD‐loop  in HvNTR2:HvTrxh2  is not comparable  to  the 
position  of  the  loop  in  the  EcNTR:EcTrx  structure  (Figure  5).  Central  in  the  FAD‐loop  of 
HvNTR2 is Met43HvNTR2, which fits into a cavity on the surface of HvTrxh2 (Figure 5A and C). 
Met43HvNTR2  interacts with  four nearby residues;  Ile51HvTrxh2, Met52HvTrxh2, Ala106HvTrxh2 and 
Ile107HvTrxh2 (Figure 3A). Met43HvNTR2 forms one of three 'fingers', together with Trp42HvNTR2 
and Asp46HvNTR2, protruding on  the  surface.  Ile51HvTrxh2  is wedged  in between Met43HvNTR2 
and Trp42HvNTR2 and has multiple hydrophobic  interactions with Trp42HvNTR2  (Figure 3A and 
5C). Ala106HvTrxh2  is  positioned  between Met43HvNTR2  and Asp46HvNTR2.  Ile51HvTrxh2  is  found 
only two residues after the active site motif of HvTrxh2. It is not conserved in plants and is in 
 HvTrxh1 replaced by a valine. Together with the other residues interacting with Trp42HvNTR2 
and Met43HvNTR2  it may have some effect  for  the minor preference of NTR  for specific Trx 
isoforms. 
The FAD‐loop of EcNTR, 35T‐‐‐‐‐GMEKGG41, also has a central methionine (Met37EcNTR), 
which,  however,  has  a  different  role  in  the  intermolecular  interaction  than Met43HvNTR2 
(compare Figure 5C and D). Met37EcNTR has hydrophobic contacts to Ala93EcTrx and Leu94EcTrx. 
The  only  other  contact  involving  the  FAD‐loop  of  EcNTR  is  between  Lys39EcNTR  and 
Met37EcTrx. Thus, EcNTR only has two residues from the FAD‐loop involved in the binding of 
EcTrx (Figure 5B and D). 
The  central  Ile51HvTrxh2  is  in  EcTrx  replaced  by  Met37EcTrx,  while  Ala106HvTrxh2 
corresponds  to Ala93EcTrx  (Figure  3B).  These  residues  protrude  from  the  surfaces  of  both 
















in most  other  plant  NTRs.  However,  the model  of  HvNTR2:HvTrxh2  does  not  bring  the 
aspartate within intermolecular interaction distance of HvTrxh2. 
To  summarise,  HvTrxh2  appears  bound  by  the  FAD  domain  of  HvNTR2  through 
multiple  hydrophobic  interactions  involving  the  FAD‐loop  according  to  the  model  of 
HvNTR2:HvTrxh2.  Especially,  Trp42HvNTR2  is  likely  to  have  significant  interactions  with 
 Ile51HvTrxh2, which  is situated between Trp42HvNTR2 and Met43HvNTR2. Met43HvNTR2  fits  into a 
cavity on  the  surface of HvTrxh2. Besides  the hydrophobic  contacts, Gly41HvNTR2  from  the 
FAD‐loop as well as Ser91HvNTR2, from another loop, form hydrogen bonds with Lys108HvTrxh2 
(Figure  3A,  5A  and  C).  All  contacts  between  EcTrx  and  the  FAD  domain  of  EcNTR  are 











corresponding  Asp139EcNTR  from  EcNTR  forms  a  similar  hydrogen  bond  to  the  backbone 
nitrogen of  Ile75EcTrx  (Figure 6B). Asp139EcNTR has been proposed to be the acid catalyst of 
the  dithiol‐disulfide  interchange  in  the  catalytic  cycle  of  NTR  (Mulrooney  and Williams, 
1994).  In  the  EcNTR:EcTrx  complex  there  is  an  additional  hydrogen  bond  between  the 
carbonyl  group  of  Cys138EcNTR  and  the  indole  ring  NH  of  Trp41EcTrx  (Figure  6B).  In  the 
HvNTR:HvTrxh2 model, the corresponding tryptophan adopted a different conformation and 
was not predicted to interact with C148HvNTR (Figure 6A). There is however no obvious steric 
rationale  for  a different  conformation of  Trp45HvTrxh2  and  the  result might be  an  artefact 
from the energy minimisation. 





76  is a  cis‐proline. The mentioned phenylalanines  (Phe141EcNTR and Phe142EcNTR)  in EcNTR 
(see Figure 6B), are conserved in many bacterial NTRs (see alignment in Supplementary data 
 1). Thus Phe141EcNTR  interacts with Trp31EcTrx  from the active site motif WCGPC  (Figure 3B 








The corresponding cis‐proline‐loop  in HvTrxh2 (residues 84―89)  is bound  in a similar 
fashion  in  the  current model  of  HvNTR2:HvTrxh2,  but  the  groove  is  blocked midway  by 
Ile154HvNTR2 and Pro227HvNTR2  (Figure 6A and 7A). Pro227HvNTR2 belongs  to  the Glycine‐loop 
(Figure 2 and 6A). According to the model of HvNTR2:HvTrxh2, Glu86HvTrxh2 (corresponding 
to  Arg73EcTrx)  is  accommodated  in  this  groove  and  binds  through  a  single  backbone‐
backbone hydrogen bond  to Asn139HvNTR2, and has several hydrophobic contacts  involving 
Arg140HvNTR2,  Gly141HvNTR2,  Ile154HvNTR2  and  Phe155HvNTR2  (Figure  3A,  6A  and  7A). 
Asn139HvNTR2  binds  in  a  pocket  of  HvTrxh2  via  hydrophobic  contacts  and  four  hydrogen 
bonds  (Figure  3A  and  6A).  As  noted  by Oliveira  et  al.  (2010)  this  residue  as well  as  the 
preceding Trp138HvNTR2 vary among species and have been suggested  to contribute  to  the 
species‐specificity.  Notably,  Trp138HvNTR2  and  Asn139HvNTR2  are  conserved  in  plant  LMW 





its  electron  donor  (HvNTR2) were  compared  to  those  present  in  the  crystal  structure  of 




bond  involving  the  active  site  (C46HvTrxh2  and  C148BASI)  in  the  crystal  structure  of 
 HvTrxh2:BASI  (pdb  2IWT, Maeda  et  al.,  2006).  This  was  formed  by  allowing  the  single‐
cysteine  mutant  HvTrxh2_C49S  to  react  with  the  single‐cysteine  mutant  BASI_C144S 
conjugated  to  TNB  (Maeda  et  al.,  2006).  Backbone  atoms  from  BASI  are  found  in  a 
hydrophobic  groove  that  also  accommodates  the  active  site  of  HvNTR2.  The  groove  of 
HvTrxh2  is  formed  by  the  active  site  (45WCGP48)  as well  as  87AMP89  and  104VGA106,  and 
constitutes the so‐called target recognition motif (Maeda et al., 2006). Underlined residues 
are  also  directly  involved  in  binding  HvNTR2  in  the  HvNTR2:HvTrxh2 model  (Figure  3A). 
87AMP89 is a part of the cis‐proline‐loop, mentioned above, that is bound in a groove in the 
NADPH domain of HvNTR2 (Figure 7A). Interestingly, Pro48HvTrxh2 and Ala106HvTrxh2 are both 
involved  in binding  the  central Met42HvNTR2  from  the FAD‐loop of HvNTR2  (Figure 3A and 
5C).  Besides  van  der Waals  interactions,  the HvTrxh2:BASI  complex  has  three  backbone‐
backbone hydrogen bonds (Maeda et al., 2006): Ala106HvTrxh2 to Asp146BASI, and Met88HvTrxh2 
to  the  backbone  oxygen  and  nitrogen  of  the  cysteine,  Cys148BASI.  In  the  model  of 
















HvNTR2 was mutated  by  site‐directed mutagenesis  (see Methods)  in  the  FAD‐loop 
(HvNTR2_W42A,  HvNTR2_M43A,  HvNTR2_W42A_M43A,  HvNTR2_N45A_D46A  and 
 HvNTR2_∆42‐47),  as  well  as  of  some  other  selected  residues  of  the  NADPH‐domain 
(HvNTR2_N139A and HvNTR2_R140A). Especially Asn139HvNTR2 was predicted  to be central 
in  the binding of HvTrxh2 because of  its  involvement  in many  intermolecular  interactions 
(Figure  3A).  Also  mutations  in  the  Glycine‐loop  were  produced 
(HvNTR2_G225R_G226D_P227V,  HvNTR2_G225R_G226D  and  HvNTR2_G222D_A223G 
_G224E),  since  this  loop was  previously  suggested  to  be  involved  in  the  binding  of  Trx 
(Kirkensgaard et al., 2009). For HvTrxh2 the residue  Ile51HvTrxh2 predicted to be  involved  in 
the binding to the FAD‐loop (HvTrxh2_I51G) and Glu86HvTrxh2 (HvTrxh2_E86A), predicted to 
be  important  for  the binding  to  the NADPH domain of HvNTR2 were mutated. Finally, an 
active site mutant, (HvTrxh2_G47P) was produced (see below).  
Some of  the mutants of NTR displayed ≥1000  times  less activity  than  the HvNTR2wt 
(Table 1), and Vmax was not reached even with 50 μM Trx.  In these cases Km and kcat could  
not be determined.  Instead,  the  slope of  the  reaction  [A412  s‐1  μM‐1]  is  listed as a  relative 







HvTrxh2,  in  agreement with  previous  findings  (Shahpiri  et  al.,  2008). With  AtTrxh3  as  a 
substrate  for HvNTR2 kcat and Km were  found  to decrease  (Km of 0.8  μM) and kcat/Km was 
88%  relative  to  HvTrxh2.  HvNTR2  and  AtNTR‐B  have  75%  sequence  identity, which may 







Thus, HvNTR2  can  accept AtTrxh3  almost  as well  as  its  own  substrate, whereas AtNTR‐B 





The  role of  the FAD‐loop  (40EGWMANDIAAGG51) was examined. Underlined  residues 
were predicted to bind to HvTrxh2 based on the model of HvNTR2:HvTrxh2 (Figure 3A). This 
motivated  deletion  of  part  of  the  loop  (HvNTR2_∆42‐47,  lacking  residues  42WMANDI47). 
These  residues  were  chosen  because  that  part  of  the  loop  contained  the  most  bulky 
residues  and  was  predicted  by  the  model  to  be  in  closest  proximity  to  HvTrxH2. 
Furthermore,  three  of  these  residues  (Trp42HvNTR2,  Met43HvNTR2  and  Asp46HvNTR2)  were 
predicted  to  bind  directly  to  HvTrxh2.  HvNTR2_∆42‐47  showed  a  very  low  activity with 
HvTrxh2  so  values of  kcat  and Km  could not be determined. However,  a  linear  correlation 
between  the  activity  and  the  concentration  of  HvTrxh2  was  obtained.  It  could  thus  be 
estimate that HvNTR2_∆42‐47 has 0.06% activity towards HvTrxh2 (last column in Table 1), 
showing that binding to this loop is essential.  
The  following  mutants  HvNTR2_M43A,  HvNTR2_W42A,  HvNTR2_W42A_M43A, 
HvNTR2_N45A_D46A  and  HvTrxh2_I51G were made  to  elucidate, which  residues  of  this 
loop are most important for the binding. The reason for mutating Ile51HvTrxh2 to glycine was 
to  shorten  the amino acid  side chain  sufficiently  to avoid  side chain  interactions with  the 
loop. HvTrxh2_I51G showed 15.1% activity. Combined with the mutants HvNTR2_W42A or 
HvNTR2_M43A  the  HvTrxh2_I51G mutation  gave  activities  of  0.5  and  0.4%  respectively, 
which makes it plausible that the model of HvNTR2:HvTrxh2 is correct in placing Ile51HvTrxh2 
with  significant  interactions  with  Trp42HvNTR2  and Met43HvNTR2.  Hydrophobic  interactions 
could be a major driving force for complex formation.  
A sequence corresponding to the FAD‐loop  is also present  in NTRs  from dicot plants 
(Figure 4). The importance of this sequence in dicots was examined by assaying the HvNTR2 
mutants with Trx  from Arabidopsis  thaliana. This plant encodes at  least eight  isoforms of 
Trx‐h, of which AtTrxh3, AtTrxh4 and AtTrxh5 were  tested  for activity, as  they are of  the 




The  kinetic  parameters  are  given  in  Table  1,  but  the  activity  for  EcTrx  is  very  low 
compared  to  the  other  substrates.  Therefore  the  activity  of  HvNTR2wt  with  HvTrxh2, 




to alanine affected binding of all  three  substrates, but again  the effect on  the binding of 
AtTrxh3 was less affected than for the other substrates. Combining these two mutations in 
HvNTR2_W42A_M43A reduced activity for HvTrxh2 and EcTrx to 0.09 and 0.2% of wild‐type, 
whereas  there  was  5.5%  activity  for  AtTrxh3  (Figure  8).  Only  the  mutant 
HvNTR2_N45A_D46A lost slightly more activity towards AtTrxh3 than displayed by HvTrxh2. 
Deleting  five residues of the  loop  in HvNTR2_∆42‐47 destroyed activity towards EcTrx and 
very  little activity was  found  towards HvTrxh2 as mentioned  (0.06%). However,  there was 
still 4.9% activity towards AtTrxh3 (Figure 8). Essentially, the same activity was obtained for 












between  the  activities  with  the  two  substrates.  In  AtTrxh3  and  AtTrxh5,  Ile51HvTrxh2  is 
substituted  with  phenylalanine,  whereas  it  is  methionine  in  AtTrxh4.    In  EcTrx  the 
corresponding residue is Met37EcTrx.  
 Both the model of HvNTR2:HvTrxh2 and the data  in Figure 8 suggest that the  loop of 
HvNTR2  is able to bind EcTrx  in the same manner as HvTrxh2. AtTrxh3  is not bound  in the 
same way  and  is much  less  dependant  on  Trp42HvNTR2, which  is  essential  for  binding  the 
other  substrates.  This  is  notable  since  AtNTR‐B  has  the  same  FAD‐loop  sequence. 
Unfortunately,  there  are  no  crystal  structures  available  of  neither  AtTrxh3,  AtTrxh4  nor 
AtTrxh5 to enlighten what could cause this difference.   
The data of Table 1  and  Figure 8 may  indicate  that AtTrxh3  (and h4  and h5) has  a 
stronger binding to the NADPH domain (or another area of the FAD domain), and therefore 
is less dependent on the FAD‐loop. In order to find an explanation for this, the sequences of 
the  three A.  thaliana Trxs and  the  two barley Trxs were aligned and examined  (Figure 9). 
Here all the residues of HvTrxh2 predicted by the complex model to  interact with HvNTR2 
are marked. Since all three Trxs from A. thaliana had similar activity with HvNTR2_∆42‐47, 
and  HvTrxh1  and  HvTrxh2  both  had  extremely  low  activity,  the  explanation must  be  a 
difference between the Trxs from the two plants;  i.e. the three Trxs from A. thaliana must 
have  something  in  common, which  is  lacking  in HvTrxh1  and HvTrxh2 or  vice  versa. One 
possible explanation found among the  interacting residues was that the positively charged 
lysine in HvTrxh2/h1 (residue 77 in h2, yellow in Figure 9) is changed in the three Trxs from 
A.  thaliana  to  glutamine  or  asparagine.  Lys77HvTrxh2  was  predicted  to  interact  with 
Pro153HvNTR2 through hydrophobic contacts between the Cγ and Cδ atoms of both residues. It 
is a part of the binding pocket corresponding to the hydrophobic pocket of EcTrx (see Figure 
6A). This minor difference  in hydrophobic  interaction pattern  is however not  likely to fully 
account  for  the  differences  in  the  interaction  of  HvNTR2  with  Trxs  from  barley  and  A. 
thaliana. 
Another  important  difference was  the  three  AtTrxs  having  the  active  site  of  CPPC 
instead of CGPC  (boxed  in Figure 9). The only available  crystal  structure of an h‐type Trx 
from A. thaliana is of AtTrxh1 (pdb 1XFL, Peterson et al., 2005), which has the classical CGPC 
active site. A search for structures with the WCPPC motif in the Protein Data Bank revealed 
a structure of Trxh1  from Populus  tremula  (poplar)  (pdb 1TI3, Coudevylle et al. 2005)  in a 
reduced state. Superpositioning this structure with that of HvTrxh2 in the HvNTR2:HvTrxh2 
model showed only little difference in the surface complementarity of the two Trxhs in this 
region.  The mutant  HvTrxh2_G47P  (which  has  the  active  site motif  CPPC) was made  to 
examine  the  role of  the different active site. HvNTR2wt showed slightly  increased Km  (1.6 
 μM)  with  this  mutant  (Table  1)  and  neither  HvNTR2_∆42‐47  nor  the  double  mutant 
HvNTR2_W42A_M43 had any activity above background with HvTrxh2_G47P. This indicates 
that  the different active  site of  the  three Trxs  from A.  thaliana  is not  responsible  for  the 
much higher activity with the  loop mutants.  It seems more plausible that the answer  is an 
overall  different  distribution  of  contacts  or  electrostatic  potential  complementarity.  This 




The  role  of  some  of  the  contacts  involving  the  NADPH  domain  was  examined  by 
mutational studies. The model of HvNTR2:HvTrxh2 predicts that the residues forming most 







two mutants  (assaying HvNTR2_N139A  towards HvTrxh2_E86A)  kcat was  the  same  as  for 
HvNTR2_N139A with HvTrxh2wt but Km decreased even further to 0.4 μM, resulting  in kcat 
/Km  of  151%  of  the wild‐type  combination.  Furthermore,  the  positively  charged mutant, 
HvTrxh2_E86R, was shown (Björnberg et al.; manuscript in preparation) to have only minor 
effect on the activity with HvNTR2. These findings suggest that Asn139HvNTR2 and Glu86HvTrxh2 
are  not  critical  for  the  binding  between  HvNTR2  and  HvTrxh2.  It  is  possible  that water 
molecules are able to fill out the voids and contribute by hydrogen bonding  instead of the 
missing  side  chains.  By  contrast,  the  residue  Arg73EcTrx  in  EcTrx,  which  corresponds  to 
Glu86HvTrxh2,  is  essential  for  activity.  Thus,  a mutant  of  EcTrx_R73G  showed  substantially 
decreased activity (to 0.6%) with EcNTR compared to EcTrxwt (Negri et al., 2009).  
HvNTR2_R140A decreased kcact  to 5.1  s‐1 and  increased Km almost 3  fold  to 3.4  μM, 




of  the examined  residues correctly. As mentioned,  introduction of shorter side chains can 
make room for water molecules that may provide hydrogen bond contacts.   
It was further examined whether the Glycine‐loop with the sequence 221GGAGGGPL228 
(see Figure 2 and 6A)  is  involved  in binding HvTrxh2. This  loop  is  flexible as reflected by a 
high B‐factor  in the crystal structure of HvNTR2  (Kirkensgaard et al., 2009). The proline of 
the  loop,  Pro227HvNTR2,  was  predicted  by  the model  of  HvNTR2:HvTrxh2  to  shorten  the 
length  of  the  groove  in which  Glu86HvTrxh2  is  accommodated  (Figure  6A). Mutants were 
constructed at some of the residues and changed to the corresponding residues of AtNTR‐B 
(223GDGERDVL230) to examine whether this increased the preference for AtTrxs. The mutants 
HvNTR2_G222D_A223G_G224E,  HvNTR2_G225R_G226D  and  HvNTR2_G225R_G226D 
_P227V were assayed on both HvTrxh2 and AtTrxh3.  
HvNTR2_G222D_A223G_G224E  showed  a  slight  increase of Km  towards HvTrxh2  (to 
1.46 μM)  resulting  in kcat /Km of 80% of  the wild‐type  (Table 1 and Figure 10). Km  towards 
AtTrxh3 was  decreased  from  0.52  μM,  leading  to  kcat/Km  of  141%  (compared  to  88%  for 
HvNTR2wt). For HvNTR2_G225R_G226D there was a smaller decrease of Km to 0.67 μM for 
AtTrxh3 and  kcat/Km  increased  from 88  to 110%.  For HvTrxh2 a minor  increase of Km was 
observed  (from  1.17  to  1.28;  93%  activity).  For  HvNTR2_G225R_G226D_P227V  kcat  was 
lowered  for HvTrxh2  resulting  in 25% activity compared  to  the wild‐type. For AtTrxh3  the 
activity was  lowered to 79%. To summarise  there  is a slight negative effect on activity  for 
HvTrxh2 when  substituting  residues  in  the  loop  to mimic  AtNTR‐B. Only when  changing 
Pro227HvNTR2 to a valine the effect was more pronounced, leading to 25% activity. This may 
be due  to valine being positioned  in  the groove, which accommodate Glu86HvTrxh2  (Figure 
7A),  and  thus  interfering with  binding  of  this  residues.  For  AtTrxh3  this mutant  showed 
slightly  decreased  activity,  which  again  may  be  due  to  blockage  of  the  groove.  Both 






The  complex  formation  involved  production  of  single  cysteine  mutants  of  both 
HvNTR2  and  HvTrxh2  (HvNTR2_C145S  and  HvTrxh2_C49S)  producing  a  stable  mixed 
disulfide between Cys148HvNTR2 and Cys46HvTrxh2   Since Cys148HvNTR2  is  reduced by DTT  the 
complex  formation should be  independent of NADPH and FAD.  If, however, NADPH could 
increase  the  reaction  rate  during  complex  formation,  it  would  indicate  that  NADPH  is 
involved  in  the conformational change  from FO  to FR. Reaction of 30  μM HvNTR2_C145S 
with 20 μM HvTrxh2_C49S‐TNB resulted in the black curves of Figure 11, which shows that 
HvNTR2_C145S  is  able  to  react with HvTrxh2_C49S‐TNB  independently  of NADPH. When 
NADPH  was  added  to  HvNTR2_C145S  20 minutes  prior  to  the  reaction,  the  initial  rate 
increased. However,  the  absorbance  either  ended  at  a  lower  level  than without NADPH 
(yellow curve Figure 11A) or,  for the highest concentrations of NADPH, started decreasing 
after a maximum absorbance was  reached after approximately  five min  (Figure 11A, blue 
and  green  line).  This  could  be  due  to  a  reduction  of  FAD,  since  the  absorbance  of  FAD 
contributes substantially to the background at this NTR concentration (30 μM). A reduction 




is  also  increased  (Figure  11B,  yellow  and  green  curves).  The  second  order  reaction  rates 
were calculated to 139 M‐1s‐1 without NADP+ and about 3 times higher (408 M‐1s‐1) with 40 
µM NADP+ and about 4.8 times higher (635 M‐1s‐1) using 300 µM NADP+. In this case no drop 
in  absorbance  was  observed.  During  this  assay  the  reduction  state  of  FAD  should  be 
constant  since NADP+  is  unable  to  reduce  FAD,  and  the  experiment  is  performed  under 







 which  had  a  more  accessible  active  site  due  to  other  NTRs  in  the  FO  conformation. 
Furthermore, this structure could not accommodate NADPH so therefore  it was suggested 
that  NADPH  is  bound  in  the  FR  conformation.  However,  the  findings  here  support  the 
reaction mechanism  suggested  by Negri  et  al.  (2009), who  simulated  the  conformational 
change  from  FO  to  FR  for  EcNTR.  The  studies  showed  that  both  EcTrxox  and NADPH  are 
possibly both bound  in the FO conformation and  induce the conformational change (Negri 
et al., 2009). These MD  simulations  strongly  suggested  that Arg73EcTrx  is a  crucial  residue 
both  for  the  electrostatic  interaction  between  the  two  proteins  and  for  the  following 
twisting motion.  Furthermore,  a mutant  of  EcTrx_R73G  showed  substantially  decreased 






in  the NADPH domain examined here. Furthermore, Met43HvNTR2, which  is  central  for  the 




FAD  domain  in  the  FO  conformation  (or  the  conformation  of  this  crystal  structure).  The 





by  multiple  hydrophobic  interactions  through  the  FAD‐loop,  40EGWMANDIAAGG51 
(interacting residues underlined). Especially the residues Trp42HvNTR2 and Met43HvNTR2 were 
shown both by the model and mutational studies to be central in the binding. Interestingly, 
Met43HvNTR2  is  the only  residue  in  the predicted binding  interface  that  is not conserved  in 
the other  isoform of barley, HvNTR1 having  a  leucine.  These  two  residues  vary between 
 type  1  and  2  of monocot  plants  and  could  therefore  provide  some  selectivity  towards 
certain  isoforms  of  Trxs.  The  FAD‐loop  is  also  found  in  other  eukaryotes,  but  the 
corresponding  loop of  EcNTR  is  five  residues  shorter, has no  resemblance  to  the  loop of 
HvNTR2, and binds EcTrx with only a  few hydrophobic  contacts. Surprisingly  some of  the 
FAD‐loop mutants  had much  higher  activity with  AtTrxh3  than with HvTrxh2  (around  60 
times higher for HvNTR2_W42A_M43A and 80 times higher for HvNTR2_∆42‐47). Therefore, 
the  relative  contribution of  the  FAD‐loop  to  the binding energy of  the NTR:Trxh  complex 
seem to vary considerably among species.  
Concerning contacts involving the NADPH domain of NTR it has previously been shown 
that Arg73EcTrx  is  central  in  the binding  (Lennon  et al., 2000; Negri  et al., 2009)  and may 
induce  the  conformational  shift  of  EcNTR  from  FO  to  FR. Notably, mutating Glu86HvTrxh2, 
which  corresponds  to Arg73EcTrx,  increased  kcat/Km of with HvNTR2  to  130%  compared  to 
HvTrxh2wt, indicating that the binding mechanisms are not identical for the two organisms.  
Complex formation using HvNTR2_C145S and HvTrxh2_C49S‐TNB was independent of 
NADPH.  However  both  NADPH  and  NADP+  increased  the  reaction  rate  of  the  complex 
formation. The findings support the reaction mechanism suggested by Negri et al. (2009) in 
which both EcTrxox and NADPH are bound  to EcNTR  in  the FO conformation and  induce a 
shift  to  the  FR  conformation.  However,  the  mutational  studies  here  indicate  that  the 













 for positioning  the  two domains of HvNTR2  as well  as HvTrxh2.  From pdb 1F6M  chain A 
(EcNTR) and chain C (EcTrx) were chosen. The pdb  file of HvNTR2  (2WHD, Kirkensgaard et 
al.,  2009)  contains  two  chains  of HvNTR2  of which  chain A was  chosen.  The  domains  of 




127—254.  HvTrxh2  was  taken  from  a  complex  of  HvTrxh2  covalently  bound  via  an 
intermolecular  disulfide  bond  to  the  protein  substrate  barley  alpha‐amylase/subtilisin 
inhibitor (BASI) (pdb 2IWT, Maeda et al., 2006), and superposed with that of EcTrx. 
The position of the  linker region between the two domains of HvNTR2 was modelled 
using MOE  (Chemical  Computing Group  Inc) with  EcNTR  as  the  template  (pdb  accession 
1F6M). Several rounds of energy minimisation were performed for this linker region and for 
residues within 4.5 Å  from  the  interface between HvNTR2 and HvTrxh2.   A disulfide bond 
between Cys148 of HvNTR2  and Cys46 of HvTrxh2 was built  in MOE,  and  further energy 






concentrations. Primers were designed using  the Primer design guidelines  for  the kit and 
delivered HPLC‐purified  since high purity  is  important  for optimal  cloning  (Eurofins MWG 
Operon, Germany). A list of all primers used is given in Supplementary data 2. The template 
plasmids  encoding  HvNTR2  or  HvTrxh2 with  an  N‐terminal  His6‐tag were  constructed  in 
pET15b (Shahpiri et al., 2008).  
After  the  reaction,  the  parental  strand  was  digested  for  1―2  h  using  DpnI  (final 

















Overnight  cultures were  inoculated with Rosetta  transformants of  the  various wild‐
type  and mutant plasmids  encoding NTR  and  Trx  in  50 mL  LB media  supplemented with 
ampicillin  (100  μg/mL) and chloramphenicol  (5  μg/mL). Overnight culture was added  to a 
total of 1 L fresh media for a starting OD600 ≈ 0.1 and grown at 37°C with vigorous shaking 
until OD600  ≈ 0.6. 100 μg/mL  IPTG  (Isopropyl  β‐D‐1‐thiogalactopyranoside) was added and 




and  2  μL  Benzonase® Nuclease  (≥250  units/μL,  Sigma‐Aldrich)  and  shaken  for  30 min  at 
room temperature. After centrifugation (10,000 rpm, 4°C for 15 min), the supernatant was 







 fractions  containing protein  (identified by  the obtained  chromatogram) were pooled  and 
dialysed overnight (Spectra/Por® Membrane of 6‐8.000 MWCO, Spectrum Laboratories Inc.) 
against  30 mM  Tris‐HCl  pH  8.0.  The  volume was  reduces  to  1 mL  by  concentrating  the 
protein  (Amicon® Ultra‐15  Centrifugal  Filter Divice  of  10,000 MWCO, Millipore),  and  the 
sample  filtered  and  gelfiltrated  on  a  HiLoadTM  16/60  SuperdexTM  75  prep  grade  column 
(Amersham Biosciences)  in 200 mM NaCl, 30 mM Tris‐HCl pH 8.0. An Äkta TM explorer Air 
(Amersham Biosciences) system was used for the gel filtration. This was followed by dialysis 




An  assay  using  DTNB  (5,5'‐dithiobis‐(2‐nitrobenzoic  acid)  as  the  final  disulfide 
substrate  as described  (Miranda‐Vizuete  et al., 1997) was  used with  slight modifications. 
The final reaction mixture contained 20 nM NTR wt or mutant as determined from the FAD 




was  initiated  by  addition  of  NTR,  and  for  the  slowest  reactions  performed  in  96‐well 









A412  every  2  s.  Duplicates  of  each  measurement  were  made,  and  Km  and  Vmax  were 
determined using the program KaleidaGraph (Synergy Software).   
 
 Complex  formation  using  single‐cysteine mutants  of HvNTR2  and 
HvTrxh2 
The  single‐cysteine mutants HvNTR2_C145S  and HvTrxh2_C49S were expressed  and 
purified as described  for  the other mutants and wild‐type protein. Before  the purification 
step of size‐exclusion chromatography HvTrxh2_C49S was reacted with a 10 times excess of 
DTNB for 30 min at room temperature.  
The  rest  of  the  experiment was  kept  under  anaerobic  conditions  using  a  glove‐box 
(Anaerobic  Flexible  Vinyl  Coy  Chamber,  Coy  Laboratories)  with  nitrogen/hydrogen 
atmosphere, 2‐4 % hydrogen. This was done in order to prevent oxidation of Cys148HvNTR2 or 
the  FAD  molecule.  HvNTR2_C145S  was  treated  with  1mM  DTT  for  30  min  at  room 
temperature,  which  was  removed  using  a  NAP‐5  desalting  column  (GE  Healthcare). 
HvNTR2_C145S was in some of the reaction pre‐incubated with NADPH or NADP+ in varying 
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bond  (yellow)  to  HvTrxh2  (cyan).  The model  is  superposed with  the  crystal  structure  of  EcNTR  in  the  FR 
conformation  (green)  bound  to  EcTrx  (magenta)  (pdb  1F6M,  Lennon  et  al.,  2000).  The  FAD molecules  in 
HvNTR2 and EcNTR are shown  in cyan and magenta  respectively, and  the positions of  two examined  loops, 





Figure 3.  Interactions  identified by  LIGPLOT  (Wallace et al., 1995) on  (A)  the model of a  complex between 
HvNTR2 and HvTrxh2 and (B) on the crystal structure of a complex of EcNTR:EcTrx (pdb 1F6M, Lennon et al., 
2000).  In (A), HvNTR1 or HvTrxh1 residues corresponding to the HvNTR2 and HvTrxh2 residues  in the model 
are  included  and  shown  in  red  in  case  they  are  not  identical  to  the  residues  in  the  HvNTR2  and  HvTrx2 
 isoforms. The interactions are shown for the FAD domain (left panel) and for the NADPH domain (right panel) 
of HvNTR2.  The  residues marked with  a  left bracket  are  all positioned  in  the  FAD‐loop with  the  sequence 
40EGWMANDIAAGG51  found  in  the  FAD  domain  of  HvNTR2.  Its  position  is  shown  in  Figure  2.  In  B),  the 
corresponding residues  in HvNTR2 or HvTrxh2 are shown  in red (for a few of the residues they could not be 
assigned  since  the  sequences  and  structures  vary  too much).  The  residues marked with  a  left  bracket  are 



















boxed  FAD‐loop  is  conserved  in  plants  and  yeast  (red).  The  same  loop  is  boxed  in  blue  for  HvNTR2.  (B) 
Comparison  of  the  FAD‐loop  in  the  available  structures  of  eukaryotic  LMW NTRs:  HvNTR2  (magenta,  pdb 
2WHD, Kirkensgaard et al., 2009), AtNTR‐B  (yellow, pdb 1VDC, Dai et al., 2006), and  two  structures of NTR 
 from yeast (cyan, pdb 3D8X, Zhang et al., 2009 and green, pdb 3ITJ, Oliveira et al., 2010). Only the backbones 
of the  loops are shown  for clarity, except the proline  from AtNTR‐B and three of the residues  from HvNTR2 
predicted  to  interact with HvTrxh2.  (A)  The NTRs, with  their  accession  numbers  given  in  parentheses,  are 
HvNTR1 (A9YZV9), HvNTR2 (A9LN30) and HvNTRC (B0FXK2) from Hordeum vulgare (barley); TaNTR1 (Q8VX47) 
and TaNTR2  (TC297680)  from Triticum aestivum  (wheat); OsNTR1  (Q69PS6), OsNTR2  (Q6ZFU6) and OsNTRC 
(Q70G58) from Oryza sativa (rice); ZmNTR1 (B6TPI3), ZmNTR2 (B7ZY93) and ZmNTRC (B4FJQ7) from Zea mays 
(maize);  AtNTRA  (Q39242),  AtNTRB  (Q39243)  and  AtNTRC  (O22229)  from  Arabidopsis  thaliana  (mouse‐ear 
cress); PtNTRA (AC149479), PtNTRB (B9I0K8) and PtNTRC (B9H9S9) from Populus trichocarpa (western balsam 
poplar);  MtNTRA  (A6XJ26)  and  MtNTRC  (A6XJ27)  from  Medicago  truncatula  (barrel  medic,  a  legume); 
S_cerevisiae  (P29509)  from  Saccharomyces  cerevisiae  (yeast);  D_discoideum  (Q54UU8)  from  Dictyostelium 
discoideum  (amoeba  "slime mold"); E_histolytica  (C4LW95)  from Entamoeba histolytica  (anaerobic parasitic 
protozoan);  A_niger  (XP_001389279)  from  Aspergillus  niger  (fungus);  T_acidophilum  (Q9HJI4)  from 
Thermoplasma  acidophilum  (facultative  anaerobe  archaea);  S_solfataricus  (Q97W27) NTRB  from  Sulfolobus 
solfataricus  (archaea);  E_coli  (P0A9P4)  from  Escherichia  coli  (Gram‐negative  bacteria);  C_trachomatis 
(O84101)  from  Chlamydia  trachomatis  (Gram‐negative  bacteria);  M_tuberculosis  (P52214)  from 








(dark  blue):HvTrxh2  ((A)  and  (C))  and  EcNTR  (green):EcTrx  ((B)  and  (D),  pdb  1F6M,  Lennon  et  al.,  2000). 
Residues  from NTR and Trx are marked with  'N' and  'T', respectively. The surfaces of  the Trxs are shown as 
electrostatic surface potential plots, where blue is positive and red negative electrostatic potential. In (C) and 
(D) the active site cysteine (C32 in HvTrxh2 and C46 in EcTrx) and a residue involved in binding to the NADPH 













HvNTR2:HvTrxh2  (cyan) and  (B) EcNTR:EcTrx  (magenta, pdb 1F6M, Lennon et al., 2000). The surfaces of  the 




 Table 1. Kinetic parameters  for  the activity of wild‐type and mutants of HvNTR2  in  reactions with wild‐type 
(wt) and mutant HvTrxh2 and AtTrxH3. Some reactions were  too slow  to be used  to determine Km and Vmax 
marked  by  n.d.  (not  detectable).  Instead  the  slope  of  the  reaction  [A412  s‐1  μM‐1]  is  given  as  a  relative 














wt  wt  1.17 ± 0.04 8.0 ± 0.10 (6.80 ± 0.25) ∙ 106  100 ± 4  100
wt  HvTrxh1  1.23 ± 0.08 12.1 ± 0.20 (9.84 ± 0.66) ∙ 106  145 ± 10  151
wt  AtTrxh3  0.80 ± 0.05 4.8 ± 0.09 (6.00 ± 0.39) ∙ 106  88 ± 6  91
wt  EcTrx  149 ± 13 9.4 ± 0.38 (6.31 ± 0.61) ∙ 104  0.9 ±0.1  1.0
AtNTR‐B  AtTrxh3  0.48 ± 0.03 5.9 ± 0.10 (1.23 ± 0.08) ∙ 107  181 ± 11  177














wt  I51G   15.5 ±0.7 15.9 ± 0.3 (1.03 ± 0.05) ∙ 106  15 ± 1  23
M43A  wt  16.0 ± 0.8 11.4 ± 0.2 (7.13 ± 0.39) ∙ 105  11 ± 1  15
M43A  I51G   n.d. n.d. n.d.  ‐   0.4
M43A  AtTrxh3  14.1 ± 1.2 14.8 ± 0.6 (1.05 ± 0.10) ∙ 106  16 ± 1  15
M43A  EcTrx  n.d. n.d. n.d.  ‐   0.03
W42A  wt  45.7 ± 4.0 10.4 ± 0.4 (2.28 ± 0.22) ∙ 105  3.3 ± 0.3  3.8
W42A  I51G   n.d. n.d. n.d.  ‐   0.5
W42A  AtTrxh3  2.4 ± 0.2 10.4 ± 0.4 (4.24 ± 0.41) ∙ 106  62 ± 6  61
W42A  EcTrx  n.d. n.d. n.d.  ‐   0.016
W42A/M43A  wt  n.d. n.d. n.d.  ‐   0.09
W42A/M43A  I51G   n.d. n.d. n.d.  ‐   0.3
W42A/M43A  AtTrxh3  30.5 ± 3.4 11.0 ± 0.6 (3.61 ± 0.44) ∙ 105  5.3 ± 0.6  5.5
W42A/M43A  EcTrx  n.d. n.d. n.d.  ‐   0.002
∆42‐47   wt  n.d. n.d. n.d.  ‐   0.06
∆42‐47  AtTrxh3  54.3 ± 5.2 15.3 ± 1.0 (2.82 ± 0.32) ∙ 105  4.1 ± 0.5  4.9
∆42‐47  EcTrx  n.d. n.d. n.d.  ‐   0.0
wt  G47P  1.4 ± 0.1 7.9 ± 0.3 (5.49 ± 0.56) ∙ 106  73 ± 8  77
∆42‐47  G47P  n.d. n.d. n.d.  ‐   0.0
W42A/M43A  G47P  n.d. n.d. n.d.  ‐   0.0
N45A_D46A  wt  2.2 ±0.2 7.3 ± 0.2 (3.30 ± 0.27) ∙ 106  49 ± 4  47
N45A_D46A  AtTrxh3  4.2 ±0.6 10.7 ± 0.7 (2.55 ± 0.38) ∙ 106  38 ± 6  37
N45A_D46A  EcTrx  n.d. n.d. n.d.  ‐   0.2
AtNTR‐B  I51G   n.d. n.d. n.d.  ‐   0.1
















wt  E86A  0.57 ± 0.03 5.3 ± 0.1 (9.23 ± 0.50) ∙ 106  137 ± 7  131
N139A  wt  0.68 ± 0.04 4.2 ± 0.1 (6.18 ± 0.37) ∙ 106  91 ± 5  89
N139A  E86A  0.41 ± 0.01 4.2 ± 0.04 (1.02 ± 0.26) ∙ 107  151 ± 4  128
R140A  wt  3.43 ± 0.27 5.1 ± 0.1 (1.49 ± 0.25) ∙ 106  22 ± 2   22
R140A  E86A  1.60 ± 0.20 2.6 ± 0.1 (1.63 ± 0.21) ∙ 106  24 ± 3  27
G225R_G226D_P227V  AtTrxh3  0.73 ± 0.07 3.9 ± 0.1 (5.34 ± 0.53) ∙ 106  79 ± 8  79
G225R_G226D_P227V  wt  1.05 ± 0.06 1.8 ± 0.03 (1.71 ± 0.25) ∙ 106  25 ± 1  32
G225R_G226D  AtTrxh3  0.67 ± 0.03 5.0 ± 0.1 (7.46 ± 0.35) ∙ 106  110 ± 5  116
G225R_G226D  wt  1.28 ± 0.06 8.1 ± 0.1 (6.33 ± 0.31) ∙ 106  93 ± 5  98
G222D_A223G_G224E  AtTrxh3  0.52 ± 0.04 5.0 ± 0.1 (9.62 ± 0.76) ∙ 106  141 ± 11  133














the  complex of EcNTR:EcTrx  (pdb accession number 1F6M) were determined using  LIGPLOT  (Lennon et al., 
 2000). The active  site  is boxed.  In  some of  the  sequences,  the  classical active  site CGPC  is  replaced by  the 
sequence CPPC (first proline marked  in red). The sequences were aligned using Clustal‐W2 (Thompson et al., 
1994). The Trxs and  their accession numbers  in parentheses are TaTrxh1  (Q8GVD3), TaTrxh2  (Q9LDX4) and 
TaTrxh3  (Q7FT21)  from Triticum aestivum  (wheat), HvTrxh1  (Q7XZK3) and HvTrxh2  (Q7XZK2)  from Hordeum 
vulgare (barley), ZmTrxh1  (Q4W1F7) and ZmTrxh2  (Q4W1F6) from Zea mays  (maize), OsTrxh1  (Q0D840) and 






Figure 10. Relative values  for kcat/Km. The value  for  the activity of HvNTR2wt with  the HvTrxh2 was  set  to 
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ABSTRACT
NADPH-dependent thioredoxin systems (NTS) control enzymatic activities and
provide reducing equivalents to metabolic pathways in all types of organisms, from
bacteria to mammals. In these redox systems, thioredoxin reduces disulfide bonds in
target proteins and receives electrons from NADPH via thioredoxin reductase
(NTR). Plant NTS were first discovered in wheat seeds some 30 years ago and were
demonstrated to play a key role in the seed germination process. Since then, NTS have
been identified in a large variety of photosynthetic organisms, and an organelle-
specific pattern for their cellular localization is established. The last decade has
witnessed a remarkable expansion of the knowledge about these systems and novel
molecular architectures, catalytic mechanisms and target proteins have been revealed.
In general, these findings have provided a wealth of information about the
physiological role and molecular mechanisms of plant NTS, and this chapter will
highlight some of the recent developments in this area.
ABBREVIATIONS








ICAT isotope-coded affinity tags
mBBr monobromobimane
MSR methionine sulfoxide reductase
NTR NADPH-dependent thioredoxin reductase






Protein thiol groups are highly reactive and may undergo oxidative
modifications under stress conditions. Furthermore, reversible thiol modifi-
cations are utilized for electron transfer in a range of enzymatic processes and
redox signalling pathways. Therefore, control of intracellular thiol oxidation
462 P. HA¨GGLUND ET AL.
is essential and in general maintained by the NADPH-dependent thioredoxin
(Trx) and glutaredoxin (Grx) systems present in all kingdoms of life
(Holmgren, 1989). Trx and Grx reduce disulfides in target proteins and
receive reducing equivalents from NADPH via the flavoenzyme thioredoxin
reductase (NTR) and glutathione reductase (GR), respectively. Trx is
reduced directly by NTR, whereas GR donates electrons to the tripeptide
glutathione (GSH), which in turn reduces Grx (Fig. 1). Examples of cross-
talk between these NADPH-dependent systems include reduction of Trx by
Grx (Gelhaye et al., 2003; Koh et al., 2008), Grx by NTR (Johansson et al.,
2004) and GSH by Trx (Kanzok et al., 2001). The physiological significance
of these overlapping interactions is underpinned by the non-viable phenotype
of Escherichia coli and Saccharomyces cerevisiae double knock-out mutants
lacking both systems, while single knock-out mutants are viable (Muller,
1996; Prinz et al., 1997). Trx and Grx play key roles in many cellular
processes, and targets can be divided into three categories: (i) enzymes,
such as ribonucleotide reductase and methionine sulfoxide reductase
(MSR) that depend on Trx/Grx as suppliers of reducing equivalents,
(ii) redox-regulated transcription factors and enzymes (e.g. chloroplastic
malate dehydrogenase) that are activated/deactivated through disulfide
reduction and (iii) proteins such as T7 DNA polymerase that incorporate
Trx/Grx as subunits of protein complexes (Arne´r and Holmgren, 2000).
Plants have evolved advanced redox control systems that are remarkable
in terms of complexity and diversity. For example, Arabidopsis thaliana
contains more than 20 Trx genes that are grouped into categories
(Trx-f,-m,-h,-o,-x,-y and -s) based on sequence similarity (Meyer et al.,
2002). A similar range of Trx genes has been found in other model organisms,
such as rice (Nuruzzaman et al., 2008). Trx-f and Trx-m are the most well-






Fig. 1. NADPH-dependent redox systems. Solid arrows represent the general
pathways for electron transfer and dotted arrows represent alternative pathways for
reduction of Trx by Grx (Gelhaye et al., 2003; Koh et al., 2008), Grx by NTR
(Johansson et al., 2004) and GSH by Trx (Kanzok et al., 2001).
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regulation of key enzymes in the Calvin cycle and pentose phosphate path-
way (Buchanan and Balmer, 2005). These chloroplastic Trxs are reduced by
light via ferredoxin and ferredoxin:thioredoxin reductase in a unique thiore-
doxin system recently reviewed elsewhere (Schu¨rmann and Buchanan, 2008).
This chapter addresses the current knowledge of catalytic mechanisms and
molecular recognition in NADPH-dependent thioredoxin systems (NTS) from
plants with focus on recent data from proteome analyses and structural
investigations. A very recent review has summarized data concerning NTR
in plants (Jacquot et al., 2009).
II. COMPONENTS OF NADPH-DEPENDENT
Trx SYSTEMS IN PLANTS
A. Trx
1. Trx-h
Trx-h was the first NTR-dependent Trx to be discovered in plants and its
name derives from its heterotrophic origin as opposed to the previously
characterized chloroplastic Trxs (Johnson et al., 1987; Suske et al., 1979).
Trx-h comprises the largest and most diverse group of plant Trxs. For
example, A. thaliana contains at least eight Trx-h isoforms. The h isoforms
show differential time and tissue-specific expression patterns (Cazalis et al.,
2006; Reichheld et al., 2002). Although h-type Trxs are considered to be
mainly cytosolic, some Trx-h are apparently translocated to other compart-






















Fig. 2. A schematic cell illustrating locations of different components from NTS
based on the following references: 1Shi and Bhattacharyya, 1996; 2Gelhaye et al., 2004;
3Jua´rez-Dı´az et al., 2006; 4Serrato et al., 2001; 5Laloi et al., 2001; 6Marti et al., 2009;
7Alkhalfioui et al., 2008; 8Reichheld et al., 2005; 9Pulido et al., 2009; 10Serrato et al., 2004.
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cells in developing wheat seeds (Serrato and Cejudo, 2003; Serrato et al.,
2001). Furthermore, Trx-h transport to phloem sieve tubes is shown in
many plant species, including rice and maize (Ishiwatari et al., 1995, 1998;
Santandrea et al., 2002). Trx-h can be subdivided into three groups based
on sequence similarity (Gelhaye et al., 2005). In short, subgroup I contains
several well-characterized cytosolic Trxs, and some members harbour a
RKDD motif implicated in cell-to-cell transport (Fig. 3). Subgroup II
contains proteins with N-terminal extensions that are translocated to mito-
chondria, the plasma membrane, or the extracellular matrix (Gelhaye et al.,
2002, 2004; Jua´rez-Dı´az et al., 2006; Shi and Bhattacharyya, 1996). Trx-h
from subgroup III are exceptional as they are reduced by the GSH/Grx
system and not by NTR (Gelhaye et al., 2003; Juttner et al., 2000; Koh
et al., 2008).
The first physiological functions ascribed to Trx-h were related to the
germination of cereal seeds. Trx-mediated disulfide bond reduction was
demonstrated to facilitate germination by (i) inactivating small proteina-
ceous inhibitors of proteolytic and amylolytic enzymes, (ii) activating hydro-
lytic enzymes, such as thiocalsin and pullulanase and (iii) enhancing the
solubility of storage proteins (Besse et al., 1996; Kobrehel et al., 1991,
1992). Indeed, overexpression of Trx-h in barley seeds results in an acceler-
ated germination rate, an increase in gibberellic acid concentration, and an
increased !-amylase release from the aleurone layer (Cho et al., 1999; Wong
et al., 2002). Trx-h isoforms display different temporal and spatial distribu-
tions in cereal seed tissues indicating that they may have different roles
during seed germination (Cazalis et al., 2006; Maeda et al., 2003; Shahpiri
et al., 2008).
The role of Trx-h in oxidative stress resistance has been investigated in
complementation studies with yeast mutants deprived of endogenous Trxs
(Bre´he´lin et al., 2000; Mouaheb et al., 1998). It was concluded that Trx-
h acts as an electron donor for MSR as judged by the ability of several
A. thaliana Trx-h to restore growth on methionine sulfoxide as sole sulphur
source. This was confirmed in a later study that described the mode of
regeneration of plant MSR of the A type (Rouhier et al., 2007). The
A. thaliana Trx-h isoforms appear to have at least partially non-redundant
functions as two isoforms, AtTrxh2 and AtTrxh3, confer a different extent
of tolerance to hydrogen peroxide (Bre´he´lin et al., 2000; Mouaheb et al.,
1998). In this context, it is interesting to note that AtTrxh3 has been
demonstrated to interact directly with peroxiredoxin in vivo (Verdoucq
et al., 1999) and also in vitro (Rouhier et al., 2002). In addition, Trx-h
plays a key role in pollen self-incompatibility by inhibiting an S-locus
receptor kinase in Brassica oleracea (Bower et al., 1996; Cabrillac et al.,
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Fig. 3. Multiple sequence alignment of Trx-h, Trx-o and Trx-s. The catalytic cysteines in the CXXCmotif and a third cysteine implicated
in the catalytic mechanism of class III h-type Trxs are highlighted in light and dark gray (yellow and red in the web version), respectively.
Residues aligned with barley HvTrxh2 M88 and A106 implicated in target recognition are in dark gray (green in the web version). The
RKDD motif implicated in cell-to-cell transport is highlighted in mid gray (orange in the web version). AtTrxh1 (P29448); AtTrxh3
(Q42403); AtTrxh4 (Q39239); AtTrxh5 (Q39241); HvTrxh2 (Q7XZK2); OsTrxh1(Q0D840); PsTrxh1 (Q9AR82); PtTrxh1 (B9GRI3));
TaTrxh1 (Q8GVD3); AtTrxh2 (Q38879); AtTrxh7 (NP_176182);AtTrxh8 (NP_177146); PsTrxh3 (Q8GUR9); AtTrxh9 (Q9C9Y6); PtTrxh4
(P85801); AtCXXS1 (NP_172620); PtCXXS3 (EEE85494); AtTrxo1 (AAC12840); AtTrxo2 (AF396650); MtTrxs1 (A9RAA5); MtTrxs2
(A9RAA6). The sequences were aligned using CLUSTAL-W (Thompson et al., 1994).
2001). Other processes associated with Trx-h include sulphate assimilation
(Bre´he´lin et al., 2000), cell cycle regulation (Mouaheb et al., 1998), DNA
damage repair (Sarkar et al., 2005) and pathogen interactions (Sweat and
Wolpert, 2007).
2. Trx-o and Trx-s
The o-type Trxs have N-terminal transit peptides (Fig. 3), and AtTrxo1 from
A. thaliana has been localized in mitochondria (Laloi et al., 2001), while
PsTrxo1 from garden pea (Pisum sativum) was recently reported to be
present in the nucleus (Marti et al., 2009). So far the physiological
importance of Trx-o is not well defined, but it has been shown to interact
with the mitochondria-specific peroxiredoxin PrxIIF (Barranco-Medina
et al., 2008) and to activate the alternative oxidase that acts as an electron
acceptor in the electron transport chain under oxidative stress conditions
(Marti et al., 2009).
Recently, two Trx sequences that did not match the hitherto described
Trx types were isolated from Medicago truncatula (Alkhalfioui et al., 2008).
The genes contained N-terminal signal peptides (Fig. 3), and it was shown
that the proteins were translocated to the endoplasmic reticulum (Fig. 2).
The proteins appear to be specifically expressed in M. truncatula grown in
symbiosis with the nitrogen-fixing bacterium Sinorhizobium meliloti and
were assigned to a new Trx type, coined as Trx-s. These proteins seem to
be unique to M. truncatula since no orthologs were identified in other plant
species (Alkhalfioui et al., 2008). Notably, only one of the two proteins
(MtTrxs1) is reduced by M. truncatula NTR and both proteins lack
disulfide reductase activity in the insulin-based Trx assay (Holmgren, 1979).
B. NTR
1. NTR-A/B
Even though NTS in plants were described 30 years ago, it was not until 1994
that the first gene encoding a plant NTR was isolated from A. thaliana
(Jacquot et al., 1994). The protein was named NTR-B, and later the highly
similar NTR-A was isolated from mitochondrial fractions (Laloi et al.,
2001). The A. thaliana genes encoding NTR-A and NTR-B are transcribed
in short and long versions, and the products of the longer transcripts are
translocated to mitochondria. It has been concluded that NTR-B is the
major mitochondrial form, while NTR-A is most abundant in the cytoplasm
(Reichheld et al., 2005). Remarkably, ntra ntrb knock-outs in A. thaliana are
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viable and fertile but hypersensitive to buthionine sulfoximine, an inhibitor
of glutathione biosynthesis (Reichheld et al., 2007). Highly similar NTR-A
and NTR-B orthologs have also been identified in several other plant species,
for example, barley (Shahpiri et al., 2008) and wheat (Serrato et al., 2002).
Wheat NTR has been demonstrated to co-localize with Trx-h in the nucleus
(Pulido et al., 2009).
Enzyme kinetics analyses suggest that both NTR-A and NTR-B are
efficient electron donors for Trx-h and Trx-o (Laloi et al., 2001). Further-
more, NTR-B shows similar affinity for four out of five tested A. thaliana
Trx-h isoforms, and two forms of barley Trx-h (HvTrxh1 and HvTrxh2) are
reduced at a comparable rate by the two endogenous NTR-A/B orthologs,
HvNTR1 and HvNTR2 (Rivera-Madrid et al., 1995; Shahpiri et al., 2008).
Taken together, these results could suggest that NTRs have rather broad
specificities for Trxs or that the variations between NTR-A/B and Trx
isoforms within a species are relatively conservative (Table I). However,
cross-species comparisons reveal that interactions between NTRs and Trxs
are highly species-dependent and that NTR–Trx interactions are specific
(Table I). For example, barley NTR has a hundred-fold reduced affinity
(increasedKM) forE. coliTrx when compared to endogenous Trx-h (Shahpiri
et al., 2008). Besides the capacity to transfer electrons to oxidized Trx, NTR
has been demonstrated to activate 1-Cys peroxiredoxin in a Trx-independent
manner (Pulido et al., 2009).
2. NTR-C
NTR-C was recently isolated from rice and A. thaliana (Serrato et al.,
2004). This protein has a different architecture, with an N-terminal do-
main similar to NTR-A/B and a Trx-like domain in a C-terminal exten-
sion. Noticeably, this molecular architecture seems to be found mainly
among plants, but recurs in the pathogenic bacterium Mycobacterium
leprae (Wieles et al., 1995a,b). NTR-C is localized in chloroplasts and
acts as an efficient electron donor to 2-Cys peroxiredoxin (Alkhalfioui
et al., 2007a; Moon et al., 2006). If either the NTR or Trx domain is
removed, the capacity to reduce 2-Cys peroxiredoxin is lost indicating
that NTR-C functions as a complete NTS in a single polypeptide
chain. In A. thaliana, ntrc knock-outs show severe growth inhibition,
oxidative stress sensitivity, perturbed chlorophyll biosynthesis and lower
rate of photosynthesis (Pe´rez-Ruiz et al., 2006; Serrato et al., 2004;
Stenbaek et al., 2008).
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Trx reduces protein disulfides through a dithiol/disulfide exchange reaction
involving two thiol groups in a conserved CNXXCC motif (Figs. 3 and 4).
The cysteine residue at the N-terminal end of this motif (CN) has a perturbed,
low thiol-pKa value and the deprotonated thiolate form acts as a nucleophile
and attacks a protein disulfide to transiently form an intermolecular disulfide
bond (Kallis and Holmgren, 1980). The thiol group of the other active-site
TABLE I
Interactions between NTRs and Trxs from different sources measured as KM in enzyme
kinetics assays with Trxs in varying concentrations as substrates for NTRs
NTR Trx KM (!M)
A. thaliana NTRAa A. thaliana Trxo1 2.6
A. thaliana NTRAa A. thaliana Trxo2 1.8
A. thaliana NTRAa A. thaliana Trxh3 2.8
A. thaliana NTRBa A. thaliana Trxo1 2.2
A. thaliana NTRBa A. thaliana Trxo2 2.1
A. thaliana NTRBa A. thaliana Trxh3 3.0
A. thaliana NTRBb A. thaliana Trxh1 2.0
A. thaliana NTRBb A. thaliana Trxh2 0.8
A. thaliana NTRBb A. thaliana Trxh3 0.7
A. thaliana NTRBb A. thaliana Trxh4 20
A. thaliana NTRBb A. thaliana Trxh5 1.6
A. thaliana NTRBc C. reinhardtii Trx-h 1.6
A. thaliana NTRBc C. reinhardtii Trx-m 5.8
A. thaliana NTRBc E. coli Trx 81
H. vulgare NTR1d H. vulgare Trxh1 1.2
H. vulgare NTR1d H. vulgare Trxh2 1.8
H. vulgare NTR2d H. vulgare Trxh1 1.1
H. vulgare NTR2d H. vulgare Trxh2 1.3
H. vulgare NTR2d E. coli Trx 107
A. thaliana NTRBd H. vulgare Trxh1 25
A. thaliana NTRBd H. vulgare Trxh2 27
T. aestivum NTRe T. aestivum Trx-h 7.6
T. aestivum NTRe E. coli Trx 36
aLaloi et al. (2001)
bRivera-Madrid et al. (1995)
cJacquot et al. (1994)
dShahpiri et al. (2008)
eSerrato et al. (2002)
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cysteine residue (CC) subsequently attacks this disulfide bond, resulting in the
release of the reduced target protein and oxidized Trx. An aspartic acid
residue (D26 in E. coli Trx) is proposed to act as a general acid/base catalyst
for the protonation/deprotonation of the CC thiol group during Trx
oxidoreduction (Chivers and Raines, 1997; Menchise et al., 2001). A trypto-
phan residue at the immediate N-terminal side of the CXXC motif (Fig. 3) is
conserved, and also suggested to be important for efficient catalysis (Krause
and Holmgren, 1991; Krimm et al., 1998).
In most plant Trxs, the CNXXCC motif is CGPC, but in some h-type Trxs
from subgroup I it is replaced by CPPC (Fig. 3). This substitution of glycine
with proline appears not to change the redox potential or the overall protein
disulfide reductase activity of Trx (Behm and Jacquot, 2000; Bre´he´lin et al.,
2004; Rivera-Madrid et al., 1995), but it nevertheless influences certain
biological functions, such as sulphate assimilation (Bre´he´lin et al., 2000). In
the recently described s-type Trx from M. truncatula, the active-site motif is
either CSPC (MtTrxs1) or CGQNC (MtTrxs2). Finally, some h-type
Trxs from subgroup III lack one of the catalytic cysteines (CXXS) and
consequently are not to be considered as ‘true’ Trxs according to the
mechanism described above (Fig. 4). Indeed, Trxs with this type of CXXS




















Fig. 4. Catalytic mechanism of Trx. (i) The N-terminal cysteine (CN) in the Trx
redox-active CNXXCC motif makes a nucleophilic attack on the target disulfide bond
and forms an intermolecular Trx-target disulfide intermediate. (ii) The disulfide is
attacked by the C-terminal cysteine (CC). (iii) The reduced target protein and oxidized
Trx is released.
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2. 3D structures
Trxs are small proteins of ! 12 kDa that display highly conserved 3D
structures with a central five-stranded !-sheet surrounded by four "-helices
in a !"!"!"!!" topology (Holmgren et al., 1975). The 3D structure of Trx
includes the so-called Trx-fold (!"!"!!") (Martin, 1995), which also
appears in other redox proteins with different functions, including glutathi-
one transferase, Grx and protein disulfide isomerase. The active-site CNXXC
motif is located at the N-terminus of "2 and the preceding loop (Fig. 5A). In
accordance with the catalytic mechanism, the catalytic CN is exposed to the
solvent, while CC is buried and inaccessible. The conserved aspartic acid
residue proposed to act as a general acid/base during catalysis is located
further toward the protein interior. The solvent accessible surface surround-
ing CN is composed of hydrophobic and uncharged residues that form a
shallow groove, suggested to act as a target-binding site (Eklund et al., 1984).
3D structures have been determined for several plant Trx-h, including
barley HvTrxh1 and HvTrxh2 (Fig. 5A), A. thaliana AtTrxh1, poplar
PtTrxh1 and PtTrxh4 (Fig. 5B), and Chlamydomonas reinhardtii
















Fig. 5. (A) The structure of HvTrxh2 from barley (h-type Trx from subclass I) in
the oxidized form (Maeda et al., 2008). The two conserved redox-active cysteines in
the 45WCGPC49 motif are connected by a disulfide bond. D40 corresponds to the
aspartic acid residue proposed to act as a general acid/base during catalysis. !-Strands
and "-helices are labelled. (B) The structure of a CC!S mutant of PtTrxh4 from
poplar (h-type Trx from subgroup III) in the oxidized form (Koh et al., 2008).
A disulfide bond is formed betweenC58 (CN) andC4 (CNT) conserved in theN-terminal
part of Trx-h from subgroup III.
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Mittard et al., 1997; Peterson et al., 2005). In general, the overall molecular
architectures and topologies of these proteins are similar to Trxs from non-
photosynthetic organisms (Katti et al., 1990; Weichsel et al., 1996). The
structures of A. thaliana AtTrxh1 and barley HvTrxh2 in the reduced and
oxidized forms revealed no major redox-induced structural changes although
few residues sequentially close to the CGPC motif do change conformation
(Maeda et al., 2008; Peterson et al., 2005). Dimers of barley HvTrxh1 are
formed in the crystal lattice and the Trx–Trx interface is stabilized by three
backbone–backbone hydrogen bonds in a pattern that resembles the
intermolecular contacts observed in Trx-target complexes as described
below (Maeda et al., 2008).
The recently reported structure of the poplar PtTrxh4 sheds light on the
observed Grx-dependent activity of Trx-h from subgroup III (Gelhaye et al.,
2003; Koh et al., 2008). In the oxidized wild-type protein, a disulfide is
formed between the two cysteines in the CNXXCC motif. In a CC!S mutant,
however, a disulfide is formed between CN and a conserved cysteine in the
N-terminal part of Trx-h from subgroup III (Figs. 3 and 5B). Based on these
structures and biochemical data, a novel catalytic mechanism was suggested
(Koh et al., 2008). The proposed reaction pathway is initiated as described
above for ‘classical’ Trx, that is, a target disulfide bond is reduced and a
CN–CC disulfide is formed in Trx (Fig. 6). Then the CN–CC disulfide is
attacked by the third N-terminal cysteine (CNT) and the CNT–CN disulfide
is formed (Fig. 5B). Reduction of this disulfide is proposed to proceed
through glutathionylation of CNT as supported by experimental evidence
for a GSH-mixed disulfide of CNT in vitro (Koh et al., 2008). Finally, the
glutathione is released from CNT by Grx.
3. Thioredoxin-target complexes
As described above, Trx and its target proteins are linked with a disulfide
bond as an intermediate in the catalytic cycle of disulfide reduction (Fig. 4).
This intermediate can be trapped by an approach based on site-directed
mutagenesis of CXXC that was originally developed for NTR–Trx complex
formation (Veine et al., 1998, Wang et al., 1996). Briefly, the thiol group of
CC in the Trx CNXXCC motif is removed through a C!S mutation to
generate a mutant capable of performing the initial nucleophilic attack on
the target disulfide but lacking the ability to reduce the intermolecular
disulfide (Fig. 7). To facilitate the formation of a Trx-target complex, a
C!S mutation is also introduced in one of the cysteines from the target
disulfide bond, and the remaining single cysteine is activated by reaction
with Ellman’s reagent (5,5’-dithiobis-2-nitrobenzoic acid; DTNB) yielding a
2-nitro-5-thiobenzoate (TNB) conjugate that is subsequently replaced by the
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CN thiol of the Trx mutant (Fig. 7). The release of TNB can be monitored at
412 nm. This approach has been successfully applied to obtain high yields of
products for structure determination of Trx-target complexes from different
biological systems (Chartron et al., 2007; Li et al., 2007; Maeda et al., 2006;
Qin et al., 1995, 1996).
The only Trx-target structure from a plant source so far is the complex
between barley h-type Trx (HvTrxh2) and an !-amylase/subtilisin inhibitor
(BASI) involved in the barley seed germination process (Maeda et al., 2006).
The structure reveals a relatively small interaction area of 762 A˚2. In the
HvTrxh2–BASI interface, CN in HvTrxh2 (C46) is conjugated to the BASI
target cysteine (C148), and the neighbouring D146 and W147 are positioned
into a shallow hydrophobic groove of HvTrxh2 (Fig. 8). The residues in
D146-C148 are exposed in an extended backbone conformation and form
numerous van der Waals interactions and three hydrogen bonds toHvTrxh2
in a manner resembling the interactions in an anti-parallel "-sheet. The

















































Fig. 6. Catalytic mechanism of h-type Trxs from subgroup III as proposed by
Koh et al. (2008). (i–iii) As in ‘classical’ Trx, the pathway is initiated by the nucleo-
philic attack of CN on the target disulfide bond followed by the release of the resulting
Trx-target disulfide bond by CC. (iv) The CN–CC disulfide is then reduced by the third
N-terminal cysteine (CNT) and a CNT–CN disulfide is formed. (v) CNT is attacked by
reduced glutathione (GS!) and finally (vi) the glutathione is released from CNT by Grx.











Fig. 8. The crystal structure ofHvTrxh2-S-S-BASI (Maeda et al., 2006). (i) Overall
structure of HvTrxh2-S-S-BASI in cartoon display with !-strands and "-helices
in green and blue, respectively. (ii) Close up view of the interaction betweenHvTrxh2
andBASI. The segment 146DWC148 of BASI andC46, 88MP89 andA106 ofHvTrxh2 are
shown in stick representation. Carbon, oxygen, nitrogen and sulphur are shown in

































Fig. 7. A strategy to form Trx-target complexes adapted fromWang et al. (1996).
(i) Single cysteine (C!S) mutants of target disulfides are activated by TNB
conjugation. (ii) The activated target disulfide is attacked by CN in a single cysteine
(C!S) Trx mutant that lacks CC. (iii) A kinetically stable intermolecular Trx-target
disulfide in formed and the reaction can be monitored spectrophotometrically by
following the release of TNB at 412 nm.
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loops that form the shallow groove surrounding the active site. M88 and
A106 form backbone-backbone hydrogen bonds to C148 and D146 in BASI,
respectively (Fig. 8). Remarkably, the hydrogen bond pattern involving M88
and the target cysteine C148 appears to be conserved in disulfide bonded
protein–protein complexes involving Trxs and other related redox proteins,
suggesting that Trx-like proteins share this common molecular feature
involved in the recognition of target proteins (Chartron et al., 2007; Li et al.,
2007; Qin et al., 1995, 1996; Rozhkova et al., 2004). Indeed the importance of
the residue corresponding to M88 in several Trx-like proteins has recently
been validatedbybiochemical data (Ren et al., 2009).M88 is conserved among
h-type Trxs from subgroup I and is replaced by similar large hydrophobic




NTR (E.C. 1.8.1.9) transfers electrons from NADPH to the oxidized CXXC
motif in Trx via a bound FAD and a redox-active CNXXCC motif (Fig. 9).
Briefly, the reduced CC in the NTR CNXXCC motif attacks the oxidized
CXXC motif in Trx resulting in a covalent NTR–Trx intermediate that is
subsequently reduced by CN from the CNXXCC motif in NTR (Veine et al.,
1998). The now oxidized CXXC motif in NTR is in turn reduced by FAD,
which receives reducing equivalents from NADPH. In the ‘flavin-oxidizing’
state (FO), FAD is positioned for transfer of electrons to the oxidized NTR
disulfide and separated by a distance of 17 A˚ from NADPH. In this state, the
CNXXCC motif is buried and inaccessible to Trx (Fig. 9). A large domain
rearrangement is needed to expose the active-site cysteines to Trx, and to
position the FAD isoalloxazine rings in close proximity of the NADPH
nicotinamide ring for electron transfer (Fig. 9). The latter conformation is
referred to as the ‘flavin-reducing’ (FR) conformation (Fig. 9) and the FO to
FR conformational change is most likely the rate-limiting step of the reaction
(Lennon and Williams, 1997). It is not yet known if this catalytic mechanism
also applies to the recently described NTR-C.
2. 3D structures
NTR is a member of the family of pyridine nucleotide-disulfide oxido-
reductases (Pai, 1991) that contain two Rossman-type nucleotide-binding
domains binding FAD and NADPH, respectively. NTR from higher eukar-
yotes are relatively rigid homodimeric proteins (! 55 kDa) that have an
additional C-terminal domain at the subunit interface (Manstein et al., 1988;
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Waksman et al., 1994; Williams et al., 2000). NTRs from prokaryotes, yeast
and plants (! 35 kDa) are also homodimeric proteins, but each NTR subunit
only contains the core of twoRossman-type nucleotide-binding domains. The
structures of E. coli NTR in the FO and FR conformations revealed that the
FAD domain needs to undergo a 668 rotation relative to the NADPHdomain
in order to switch from one conformation to the other (Lennon et al., 2000).
The A. thaliana NTR-B in the FO conformation (Dai et al., 1996) and
































Fig. 9. (A) The catalytic mechanism of NTR. Reducing equivalents are
transferred fromNADPH to a tightly bound FAD in NTR. From FAD, the electrons
are transferred to a CXXC in the enzyme and subsequently to the oxidized target
CXXC disulfide in Trx. In order to catalyze the entire reaction, NTR needs to shift
between two conformations, the FO and FR conformation. The electron transfers
linked to each conformation are indicated. (B) The two conformations as proposed by
Waksman et al. (1994) are shown schematically. The two subunits of the NTR dimer
are shown in blue and green, respectively. The darker coloured ovals symbolize the
FAD domains, while the lighter coloured show the NADPH domains. Disulfides and
dithiols are indicated as S–S and S–H, respectively. The black lines connecting the two
domains symbolize the anti-parallel !-sheet around which a 668 rotation occurs to
bring NTR from the FO to the FR conformation. The rotation position of the
nicotinamide ring in proximity of the flavin ring system and the CXXC dithiol is
brought to the surface of the protein, where it can interact with thioredoxin (shown in
yellow). Adapted from Waksman et al. (1994).
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only crystal structures available for plant NTRs. These structures show the
same overall homodimeric molecular organization as displayed in other
low-molecular-weight NTR structures (Akif et al., 2005; Gustafsson et al.,
2007; Kuriyan et al., 1991; Lennon et al., 1999, 2000; Ruggiero et al., 2009;
Waksman et al., 1994; Zhang et al., 2009; pdb: 2q7v, unpublished data).
AtNTR-B is shown superimposed on the structure of E. coliNTR (Waksman
et al., 1994) in Fig. 10. Each subunit of the homodimeric protein contains the
composite FAD domain made from the C- and N-terminal regions of the
polypeptide and the central NADPH domain carrying the redox-active
CXXC motif. Each domain has a central five-stranded parallel !-sheet.
Fig. 10. Superposition of one subunit of the functionally dimeric NTRs from
A. thaliana (pdb: 1vdc, shown in blue/green) and E. coli (shown in white, pdb: 1tdf).
The enzymes consist of two domains with similar Rossman-folds. One domain (blue)
binds FAD (yellow sticks) and the other domain (green) binds NADPH. The two
domains are connected by two anti-parallel !-strands (pink). The structures are in the
FO conformation, having FAD in close proximity of the redox-active CXXC motif
(yellow sticks) from the NADPH domain. The E. coli structure was crystallized in the
presence of NADPþ (black).
NADPH-DEPENDENT PLANT THIOREDOXIN SYSTEMS 477
The central sheet in the FAD domain is flanked by a four-stranded !-sheet
on one side and three "-helices on the other. In the NADPH domain, the
central sheet has a three-stranded !-sheet on one side and two "-helices plus
an extra short helix containing the redox-active motif on the other. Two anti-
parallel !-strands (!9 þ !18) form a hinge between the two domains
(Fig. 10), which are otherwise separated by a broad cleft with only few
inter-domain contacts. In AtNTR-B, there are hydrogen bonds from T53
in the FAD domain to W140 and N141 in the NADPH domain. Hydrogen
bonds are found in the same regions in EcNTR, but the residues involved in
the inter-domain interactions are not conserved and the relative position of
interacting residues are shifted by one or two residues in the sequence. Hence,
G129 and R130 from the NADPH domain are hydrogen bonded with T47
and E48 in the FAD domain, respectively.
An alignment of plant NTR sequences shows that both T53 and W140 are
strictly conserved within this group, whereas N141 is only conserved among
the NTRs of the A/B type and replaced by a serine in the C-type (Fig. 11).
The loop containing W140 and N141 is one of the variable loops in plant
NTRs, and the consequences of the sequence variation for inter-domain
interactions are hard to predict for C-type NTRs. The relative orientation
of the FAD and NADPH domains is not the same among NTR structures.
For example, the NADPH domains of AtNTR-B and S. cerevisiae Trr1
(Zhang et al., 2009) must be rotated by 88 to overlay the corresponding
EcNTR domain, when the respective FAD domains are superimposed. The
Mycobacterium tuberculosis NTR domains have to be rotated by 118 for
superposition with EcNTR domains (Akif et al., 2005). It is not clear if this
variation in domain packing reflects a general flexibility of NTRs, or if it
could be relevant for the reaction mechanism and the transformation
between the FO and FR states. Two conserved arginines (R190 and R195
in At-B) impose NADPH over NADH specificity to short chain NTRs by
donating hydrogen bonds to the 20-phosphate of NADPH (Gustafsson et al.,
2007). The NADPH/NADH diphosphate is positioned by hydrogen bonds
donated by conserved R, I and S/T amino acid residues.
As stated earlier, enzyme kinetics analyses suggest species-dependent inter-
actions between plant NTRs and Trxs (Table I). Such specificity determi-
nants are likely to reside in loop regions, where the major differences between
plant NTR structures have been observed (Kirkensgaard et al., 2009).
For example, the group of monocot A/B type NTRs are characterized by
an [H/Y]-F-[S/P/A]-G-S-D-[T/A] loop between strand !9 and !10, while
the corresponding loop in dicot NTRs can be extended by four residues
and have a [S/N/P]-F-[T/V/A]-G-S-[G/E]-[E/K/T/D]-[G/A]-[N/P/S]-[G/N]-G
motif (Fig. 11). Another loop segregating the monocot and dicot NTRs of
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Fig. 11. (Continued)
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Fig. 11. (Continued)



















Fig. 11. Alignment of plant NTRs. The NTRs and their accession numbers in
parentheses are HvNTR1 (EU314717), HvNTR2 (EU250021) and HvNTRC from
Hordeum vulgare (barley); TaNTR1 (Q8VX47) and TaNTR2 (TC297680) from
Triticum aestivum (wheat); OsNTR1 (Q69PS6), OsNTR2 (Q6ZFU6) and OsNTRC
(Q70G58) from Oryza sativa (rice); ZmNTR1 (EU966898), ZmNTR2 (BT054285)
and ZmNTRC (BT037345) from Zea mays (maize); AtNTRA (Q39242), AtNTRB
(Q39243) and AtNTRC (O22229) from Arabidopsis thaliana (Mouse-ear cress);
PtNTRA (AC149479), PtNTRB (XM_002317595) and PtNTRC (XM_002308899)
from Populus trichocarpa (western balsam poplar) andMtNTRA andMtNTRC from
Medicago truncatula (Barrel Medic, legume). Residues strictly conserved have a dark
gray background (red in the web version), residues well conserved within a group
according to the Risler matrix (Risler et al., 1988) are indicated by dark gray letters
(red in the web version), residues conserved between groups are boxed and residues
conserved within a group, but showing significant differences between groups, have a
light gray background (orange in the web version). The secondary structure of
AtNTR-B was added using ESPript, and coloured according to domain; dark gray
(blue in the web version) is the FAD domain (B1-B8 and B19-A6), (light gray) (green
in the web version) the NADPH domain (B10-B17) and medium gray (pink in the web
version) the !-sheets functioning as a link between the two. The sequences where
aligned using CLUSTAL-W (Thompson et al., 1994), and fall into three main groups,
which can be characterized as dicotyledon A/B type (group 1), monocotyledon A/B
type (group 2 and 3), and chloroplastic C-type (group 4). Monocotyledons appear to
always have two NTRs of the A/B-type, which can be phylogenetically subgrouped
(group 2 and 3). The alignment is followed by the phylogentic tree produced by the
same CLUSTAL-W analysis and is illustrated in TreeView.
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the A/B type is the loop between strand !14 and !15. This loop appears more
flexible in monocots, where the G-G-[A/E/S]-[N/G/D]-G-G-P-L-[A/G] motif
is found. The corresponding loop is variable in both length and sequence in
dicots with no clear sequence motif. Both of these loops are likely to face and
interact with the Trx substrate (Kirkensgaard et al., 2009). A third loop
placed between strand !3 and a short 310-helix, which is only present in
plant and yeast NTR structures, is predicted to bind to Trx (Zhang et al.,
2009). This loop is strictly conserved in dicots with the sequence E-G-W-M-
A-N-D-I-A-P-G-G. In monocots, the proline in this loop is exchanged with
an alanine and the loop sequence is more variable: E-G-[W/F]-[M/L]-A-N-D-
I-A-A-G-G. The C-type NTRs have a quite different sequence motif: E-G-
[Y/C]-Q-[M/V]-G-G-V-P-G-G.
IV. IDENTIFICATION OF Trx TARGETS
BY PROTEOMICS APPROACHES
A. PROTEOMICS TECHNIQUES APPLICABLE AT THE PROTEIN
IDENTIFICATION LEVEL
Proteome analysis involves polyacrylamide gel-based or chromatographic
multidimensional separation of protein mixtures, combined with highly sen-
sitive mass spectrometry for protein identification and characterization. As
such, proteomics enable parallel analysis and identification of many proteins
in complex mixtures and has been applied with success for in vitro identifica-
tion of Trx target proteins. Broadly, two approaches have been applied:
(i) labelling of thiol groups released by Trx treatment of protein extracts
followed by detection of labelled proteins on 2D gels and (ii) affinity isolation
of proteins binding to immobilized active-site mutants of Trx.
1. Labelling approaches
A method was developed using the thiol-specific fluorescent probe mono-
bromobimane (mBBr) to label free thiol groups in protein extracts treated
with recombinant Trx prior to their separation by 2D gel electrophoresis
(Yano et al., 2001). Labelled proteins were visualized on 2D gels by UV-
illumination, and comparison with protein extracts without Trx treatment
demonstrated the appearance of additional fluorescent 2D gel spots contain-
ing putative Trx target proteins. Using this procedure, five potential target
proteins were identified by Edman degradation in peanut seed extracts (Yano
et al., 2001). Similar procedures have also been applied together with mass
spectrometry to identify five targets in barley embryo and 23 targets in the
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starchy endosperm of mature wheat seeds (Marx et al., 2003; Wong et al.,
2003). The same strategy applied in parallel with a method based on a C!S
mutated-Trx affinity column led to the identification of 111 putative Trx
target proteins in germinatingM. truncatula seeds (Alkhalfioui et al., 2007b).
In a related procedure, mBBR was replaced with a more sensitive Cy5
maleimide dye, which resulted in the identification of 16 putative HvTrxh1
and HvTrxh2 target proteins in mature barley seeds or seeds after 72 h
germination (Maeda et al., 2004). Other thiol-specific reagents have also
been used, for example target proteins have been radio-labelled by alkylation
with 14C-iodoacetamide or biotinylated by reaction with thiol-reactive biotin
derivatives (Marchand et al., 2006). The latter approach enables affinity
isolation of labelled proteins on immobilized avidin.
2. Affinity isolation approaches
The two-step catalytic mechanism of Trx (Fig. 4) has been exploited to trap
target proteins in an intermolecular disulfide complex with an immobilized
Trx, where the active-site CXXC has been replaced by CXXS through site-
directed mutagenesis. Non-targets are washed away, and the target proteins
can subsequently be released from the mutant Trx by addition of a strong
reducing agent, such as DTT. This methodology has been used for the
identification of putative target proteins from mitochondrial (Balmer et al.,
2004) and cytosolic extracts (Alkhalfioui et al., 2007b; Marchand et al., 2006;
Wong et al., 2004; Yamazaki et al., 2004).
B. TECHNIQUES FOR IDENTIFICATION OF TARGET DISULFIDE BONDS
Information of specific target sites in target proteins can provide insight into
molecular details of target recognition. Determination of specific target dis-
ulfides can be achieved by analysing mass spectra of peptides from proteolyti-
cally digested target proteins conjugated with different thiol-reactive reagents.
For example, iodoacetamide (IAM) and 4-vinylpyridine (4-VP) were used to
identify target disulfides in mature barley seed extract (Maeda et al., 2005).
Samples were incubated ! barley Trx-h followed by labelling of accessible
thiol groups with IAM. Prior to the second dimension in 2D gel electrophore-
sis, protein thiol groups were reduced and the remaining free cysteines labelled
with 4-VP. Thus, cysteines from target disulfides are labelled with IAM in the
Trx-treated sample and with 4-VP in a control without Trx. Cysteines labelled
with the two forms of modifications have different masses and are thus are
distinguished in mass spectra. This procedure was used to analyse proteins in
2D-gel spots that were indicated to contain target proteins on the basis of Cy5
maleimide labelling patterns (Maeda et al., 2004). By comparing samples
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incubated in the presence or absence of Trx, nine disulfides in eight proteins
were identified as Trx-h targets.
A quantitative proteomics approach for site-specific identification of
target disulfides was recently developed (Ha¨gglund et al., 2008). In this
method, IAM-based isotope-coded affinity tag (ICAT) reagents were used.
The ICAT reagents react with free thiol groups and are available with nine
either ‘light’ (12C; ICATL) or ‘heavy’ (
13C; ICATH) carbon atoms. The
isotopically labelled ICAT reagents are identical except for a mass difference
of 9 Da, and are therefore compatible with quantitative mass spectrometric
detection. Basically, two identical samples of protein extract were incubated
in the presence (þTrx) or absence ("Trx) of Trx (Fig. 12). Subsequently,
IAM was added to quench the Trx activity and block cysteine thiols released
from the target disulfides, followed by complete reduction of remaining
protein disulfides by tris(2-carboxyethyl)phosphine (TCEP) under denatur-
ing conditions in SDS. The samples were ICAT-labelled (þTrx, ICATL;
"Trx, ICATH), mixed in a 1:1 ratio and digested by trypsin. Cysteine-
containing peptides are isolated by avidin affinity chromatography and
analyzed by mass spectrometry. Because non-target disulfide bonds remain
intact until the TCEP reduction, they give rise to identical amounts of thiol
groups available for ICAT labelling in the#Trx samples and ICATH/ICATL
peptide ratios of 1 are expected when the samples are mixed 1:1. In contrast,
cysteine residues released from Trx target disulfide bonds are blocked by
IAM and hence do not undergo ICATL-labelling in the þTrx sample.
Peptides carrying Trx-targeted residues will thus exhibit ICATH/ICATL
ratios >1. The method was applied to identify targets of barley HvTrxh1 in
protein extracts of 48 h germinated barley seed embryo.
C. EXAMPLES OF TARGET PROTEINS
Several proteomics studies of Trxs from different organisms, tissues, and
organelle extracts have provided over 400 putative Trx-target proteins that
were recently compiled into a comprehensive list (Montrichard et al., 2009).
Some examples of targets from NTS are described below.
1. Seed germination
As previously stated, Trx-h plays an important role in the germination of
cereal seeds by facilitating release of storage reserves through reduction of
disulfide bonds in storage proteins, hydrolytic enzymes, and their inhibitors
(Besse et al., 1996; Kobrehel et al., 1991, 1992). Storage proteins identified as
target proteins include hordeins and globulins from barley and globulins,
glutenins, and avenins in wheat (Ha¨gglund et al., 2008; Marx et al., 2003;
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Fig. 12. An approach for the identification of target protein disulfides using ICAT-
labelling. Two identical samples of protein extract were incubated in the presence
(þTrx) or absence ("Trx) of Trx and IAM was added to quench Trx activity and
block cysteine thiols. Proteins were denatured by SDS and remaining disulfides were
reduced by TCEP. The samples were ICAT-labelled (þTrx, ICATL; "Trx, ICATH),
mixed in a 1:1 ratio, digested with trypsin and analysed bymass spectrometry. ICATH/
ICATL peptide ratios of 1 are expected for non-targets and peptides carrying
Trx-targeted residues are expected to show ICATH/ICATL ratios >1.
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Wong et al., 2004). Several inhibitors of !-amylases and proteases have been
identified, including the barley !-amylase/subtilisin inhibitor (BASI) that has
been structure-determined in complex with barley HvTrxh2 (Fig. 8). The
specific disulfide target in BASI was determined to be C144-C148 by the
IAM/4-VP labelling approach described above (Maeda et al., 2005).
2. Redox control
Dehydroascorbate reductase (DHAR) participates in redox control mediated
through the ascorbate–glutathione cycle in higher plants. DHAR has been
identified as a Trx-h target in A. thaliana and wheat (Marchand et al., 2004,
2006; Wong et al., 2004). The cysteine proposed to be the catalytic residue in
DHAR (Dixon et al., 2002) was identified as a target for barley h-type Trx
using ICAT labelling (Ha¨gglund et al., 2008). Other examples of putative
Trx-targeted redox proteins include 1-Cys peroxiredoxin (Ha¨gglund et al.,
2008; Maeda et al., 2004, Marx et al., 2003; Wong et al., 2004), 2-Cys perox-
iredoxin (Alkhalfioui et al., 2007b; Marchand et al., 2006) and ascorbate
peroxidase (Marchand et al., 2004, 2006; Yamazaki et al., 2004).
3. Amino acid metabolism
Several enzymes involved in amino acid metabolism have been identified to
be targets, including adenosylhomocysteinase (Ha¨gglund et al., 2008), ala-
nine aminotransferase (Balmer et al., 2004; Marchand et al., 2004, 2006;
Wong et al., 2004), aspartate aminotransferase (Balmer et al., 2004), aspar-
tate-semialdehyde dehydrogenase (Ha¨gglund et al., 2008) and glutamine
synthetase (Alkhalfioui et al., 2007b; Lemaire et al., 2004; Marchand et al.,
2004, 2006; Yamazaki et al., 2004). One of the target cysteines in adenosyl-
homocysteinase was identified (Ha¨gglund et al., 2008) and represents a
conserved residue previously demonstrated to be essential for enzymatic
activity and positioned near the active site in the ortholog from human
placenta (Yuan et al., 1996).
4. Carbohydrate metabolism
Enolases from plants were demonstrated to be redox sensitive in vitro, and
suggested to be regulated by Trx (Anderson et al., 1998). Indeed, enolase has
been identified as a target of Trx-h in several proteomics surveys (Alkhalfioui
et al., 2007b, Ha¨gglund et al., 2008; Lemaire et al., 2004; Wong et al., 2004).
Furthermore, one of the target cysteines identified by the ICAT labelling
approach (Ha¨gglund et al., 2008) is suggested to form a regulatory disulfide
bond (Anderson et al., 1998). Other targets involved in carbohydrate meta-
bolism include fructose bisphosphate aldolase (Marchand et al., 2004, 2006;
Yamazaki et al., 2004), malate dehydrogenase (Alkhalfioui et al., 2007b;
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Balmer et al., 2004; Marchand et al., 2004; Yamazaki et al., 2004) and
succinyl-CoA ligase (Balmer et al., 2004; Ha¨gglund et al., 2008).
V. SUMMARY AND PERSPECTIVES
Thanks to the outstanding research achievements in recent years, it is
becoming increasingly apparent that plant NTS make use of a remarkable
multitude of molecular mechanisms for control of cysteine oxidation. The
recently discovered chloroplastic NTR-C represents a truly novel NTS with
NTR and Trx functionalities fused into a single protein. Little is as yet
known about the structure and catalytic mechanism of NTR-C, and this is
unquestionably a highly prioritized target for future research efforts. Another
topic which deserves attention, is the molecular basis for specific Trx–NTR
interactions. Despite the large number of high-resolution structures of Trxs
and NTRs from plants and other organisms, surprisingly little biochemical
data is available regarding the molecular recognition of Trxs by NTR.
Proteomics studies have identified numerous proteins with different func-
tions that are targeted by Trx in vitro. Furthermore, the recent application of
quantitative proteomics to identify specific target disulfides has revealed site-
specific targets that are candidates for further investigations. However, the
biological relevance of the putative targets must be validated by other means.
In this respect, recent developments of proteomicsmethods aimed atmeasuring
in vivo redox states hold a great promise for the future. For example, an ICAT
labelling strategy has been developed to identify oxidized cysteines in the
proteome of E. coli mutants lacking Trx (Leichert et al., 2008). It will indeed
be a great challenge for the future to transfer this technology to plant systems,
given the large number of NTR and Trx genes present in these organisms.
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Protein disulfides and seed germination
Many seed proteins containing a disulfide (-S-S-) group undergo
redox changes during seed development and germination. The
proteins are synthesized in the reduced (-SH) state, become
oxidized to the disulfide state during seed maturation and are
converted back to the reduced state during the germination
process. The reduction of disulfides increases solubility, protease
susceptibility, heat stability and it changes the activity of enzymes.
Thioredoxins
Plant Thioredoxins (Trx’s) are small (~ 13 kDa) globular proteins that
catalyze these thiol-disulfide exchange reactions. The activity of the
thioredoxins is dependent on the activity of the thioredoxin reductases
(NTR’s).
The Trx/NTR system was originally identified as the system able to
transfer reducing equivalents to ribonucleotide reductase. In most
organisms it is in fact the only way to produce the deoxyribonucleo-
tides needed for cell division. Later, the thioredoxin driven disulfide
dithiol exchange reactions were shown to play major roles in plant
growth, development and response to environmental constraints
including both biotic and abiotic stress.
Thioredoxin h plays a role in the communication between the starchy
endosperm, the embryo and the aleurone layer that promotes













































The reduction of thioredoxin requires the presence of two cofactors,
FAD and NADPH and a protein scaffold that orient the thioredoxin
and the cofactors for a stepwise exchange of reducing equivalents.
In order to catalyze the entire reaction, NTR needs to swap between two
conformations, the flavin oxidizing (FO) and flavin reducing (FR)
conformation.Barley NTR and the reaction mechanism
In the crystal structure of barley NTR (coloured), the two domains
responsible for FAD and NADPH binding respectively are trapped in
a not previously observed domain arrangement.
The relative domain orientation is different from that observed in
oxidized Arabidopsis NTR (white). The amino acids involved in inter
domain contacts in the oxidized NTR molecules are the same
amino acids, which binds to Trx. The structure of barley NTR does
not provide enough space in the NADPH binding site to enable
NADPH binding.
The NTR reaction scheme can account for these observation if
NTR-Trx interaction is required for breakage of inter domain
contacts in the NTR FO conformation and the binding/release of
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Figure 4 The NTR reaction scheme modified to take the observation of differences in inter-domain interactions and lack of space
for NADPH binding in the HvNTR2 crystal structure into account. Hydrogen bonds are shown by dotted lines. Trx interaction is
required for breakage of inter domain contacts in the FO conformation and NADPH/NADP+ is assumed not to bind during domain
re-orientation.
As seen on Figure 3 a loop between β-sheets B14 and B15 is placed close to the binding site of Trx. The
structure of HvNTR2 reveals a loop, which is predicted to be flexible due to many glycine residues. An
alignment of different plant NTRs (Figure 5) shows that this loop is conserved in monocots, but with small
variations between isoforms which may lead to preference for a specific Trx isoform.
Figure 5 Part of an alignment between different  NTRs from plants reveals a glycine-rich loop (boxed) in monocots. Hv = barley, 
Ta = wheat, Zm = mays, Os = rice, At = Arabidopsis thaliana, Pt = poplar and MT = Medicago truncatula (Barrel Medic, legume)
To investigate the role of the glycin loop mutants have been made in this as well as deletion of another
loop (WMANDI, see Figure 5) conserved in plants. Changing residues in the glycin loop to the
corresponding residues in A. thaliana decreased the Km about two-fold for AttrxH3 and slightly increased
the Km for HvtrxH1 and H2. Deleting the WMANDI loop rendered HvNTR2 almost unable to react with
HvtrxH1/H2 but for unknown reasons it can still react with AttrxH3 (data not shown).
Complex model
A complex of HvNTR2 bound to HvtrxH2 was made by aligning the two separate domains with the 
corresponding domains of the EcNTR-Ectrx complex (pdb 1f6m [3]) using Coot. HvtrxH2 from a complex 
(pdb 2iwt [5]) was used. Homology modelling , energy minimization and model evaluation was performed 
using MOE (Figure 6A) and the contacts mapped using Ligplot (Figure 6B). Among other thing is seen that 
the residue equivalent to Arg140 is central in the binding in E. coli is not as important here. Asn139 seems 
to have taken over this role.
Figure 6 A Modeled complex between HvNTR2 (green) and HvtrxH2 (light blue). The C-C bond is shown in yellow and the
residues we plan to examine by site directed mutagenesis are shown in magenta if belonging to HvNTR2 and in dark blue from
HvtrxH2. B Predicted interactions between HvNTR2 and HvtrxH2 found by using Ligplot on the model. Color code like in A.
Future and ongoing work
Different mutations of the residues shown in Figure 6 will be examined to validate the model. Furthermore
a complex between HvNTR2 and HvtrxH2 has been produced by covalently linking single Cys→Ser
mutants of the two protein. The complex has been subjected to crystallization trials but so far without any
hits.
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Protein disulfides and seed germination
Many seed proteins containing a disulfide (-S-S-) group undergo redox changes during seed development
and germination. The proteins are synthesized in the reduced (-SH) state, become oxidized to the disulfide
state during seed maturation and are converted back to the reduced state during the germination process.
The reduction of disulfides increases solubility, protease susceptibility, heat stability and it changes the
activity of enzymes.
Thioredoxins and thioredoxin reductase
Plant Thioredoxins (Trx’s) are small (~13kDa) globular proteins that catalyze these thiol-disulfide exchange
reactions (Figure 1). The activity of the thioredoxins is dependent on the activity of the thioredoxin
reductases (NTR’s) (for a review see [1]).
Figure 1 Reaction catalyzed by NADPH-dependent thioredoxin reductase (NTR). Reducing equivalents are transferred from
NADPH to FAD bound to NTR. From FAD they are transferred to a disulfide bond in the NADPH domain of NTR and further to a
disulfide in thioredoxin (Trx). Hereafter Trx can reduce other proteins.
The reduction of thioredoxin requires the presence of two cofactors, FAD and NADPH, and NTR that
orients the thioredoxin and the cofactors for a stepwise exchange of reducing equivalents (Figure 1). In
order to catalyze the entire reaction, NTR needs to swap between two conformations, the flavin oxidizing
(FO) and flavin reducing (FR) conformation (Figure 4). We have solved the structure of one NTR isoform
(HvNTR2) from barley to 2.6Å (Figure 2) [2]. It consists of two domains, the FAD and the NADPH
binding domains, and so far all previously solved low-molecular-weight NTRs were found to be in
one of two conformations; the flavin oxidizing (FO) or the flavin reducing (FR) conformation. To
obtain the latter, one domain has to rotate 66° relative to the other. Only by covalently binding
NTR to Trx, the FR can be stabilized for characterization [3].
Figure 2 Superposition of the FAD domain of HvNTR2 (blue) and NTR from Arabidopsis thaliana (AtNTR-B, white, pdb accession:
1vdc). The NADPH domains (green) were not included in the superposition. The HvNTR2 FAD and the disulfide bridge are shown
in yellow and the -strand linker in pink.
Barley NTR and the reaction mechanism
In the crystal structure of HvNTR2 (Figure 2, colored), the two domains responsible for FAD and NADPH
binding respectively are trapped in a not previously observed domain arrangement. The relative domain
orientation is different from that observed in NTR from Arabidopsis thaliana (white) in the FO conformation
[4]. The amino acids involved in inter domain contacts in the oxidized NTR molecules (corresponding to
Gly129 and Arg130 in NTR from E. coli) are the same amino acids, which binds to Trx, as judged from a
structure of NTR from E. coli covalently bound to Trx (Figure 3) [3]. The structure of barley NTR does not
provide enough space in the conserved NADPH binding site to enable NADPH binding.
Figure 3 Superposition of the NADPH domains of HvNTR2, AtNTR-B (white, pdb: 1vdc) and EcNTR in the FR conformation (grey,
pdb: 1f6m) covalently bound to Trx (yellow). HvNTR2 is coloured according to domain; blue is the FAD domain, green is the
NADPH domain and pink is the -sheet linker between the two domains.
The NTR reaction scheme can account for these observation if NTR-Trx interaction is required for
breakage of inter-domain contacts in the NTR FO conformation and the binding/release of NADPH/NADP+
is assumed to only involve the FR conformation (Figure 4).
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Figure 3 Hexagonal crystals of NADPH-dependent thioredoxin reductase isoform 2 (HvNTR2) from barley. Crystals
where grown in 24% (w/v) PEG400, 2% Jeffamine M-600, 0.1 M citrate-buffer pH 3.5, a protein concentration of 5.7
mg mL-1 and an incubation temperature of 25°C for a week.
Only by covalently binding NTR to Trx, the FR is stabilized for characterization [3]. The HvNTR2
structure may be an intermediate of the FO and FR conformation but was closest to the FO
conformation.
Figure 4 Superposition of the FAD domain of HvNTR2 (blue) and NTR from Arabidopsis thaliana (AtNTR-B, white,
pdb accession: 1vdc). The NADPH domains (green for HvNTR2 and white for AtNTR-B) were not included in the
superposition. The HvNTR2 FAD and the disulfide bridge are shown in yellow and the -strand linker in pink.
Attempts to crystallize the other isoform
Attempt have been made to crystallize the other isoform of NTR (HvNTR1), which has 88.6%
sequence identity to HvNTR2. Screening has been done using the PEG6000 grid-screen, the
Ammonium sulphate grid-screen and Crystal screen 1 and 2 (all from Hampton). Furthermore
Hampton index screen, a salt screen and others where set up by robot, but this as well as
attempts to seed with crystals of HvNTR2 have so far not given any results.
Conclusion
An isoform of NADPH-dependent thioredoxin reductase from barley (HvNTR2) was crystallized
using the PEG6000 grid-screen (Hampton Research) and fine tuned using the Hampton
Research additive screen. The bright yellow hexagonal crystals diffracted to 2.6Å. Attempts to
crystallize the other isoform (HvNTR1) has so far not given any results.
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Protein disulfides and seed germination
Many seed proteins containing a disulfide (-S-S-) group undergo redox changes during seed
development and germination. The proteins are synthesized in the reduced (-SH) state, become
oxidized to the disulfide state during seed maturation and are converted back to the reduced state
during the germination process. The reduction of disulfides increases solubility, protease
susceptibility, heat stability and it changes the activity of enzymes.
Thioredoxins and thioredoxin reductase
Plant thioredoxins (Trx’s) are small (~13kDa) globular proteins that catalyze these thiol-disulfide
exchange reactions (Figure 1). The activity of the thioredoxins is dependent on the activity of the
NADPH-dependent thioredoxin reductases (NTR’s) (for a review see [1]).
Figure 1 Reaction catalyzed by NADPH-dependent thioredoxin reductase (NTR). Reducing equivalents are
transferred from NADPH to FAD bound to NTR. From FAD they are transferred to a disulfide bond in the NADPH
domain of NTR and further to a disulfide in thioredoxin (Trx). Hereafter Trx can reduce other proteins.
The reduction of thioredoxin requires the presence of two cofactors, FAD and NADPH, and NTR
that orients the thioredoxin and the cofactors for a stepwise exchange of reducing equivalents
(Figure 1).
Crystallizing thioredoxin reductase from barley
We have crystallized and solved the structure of one NTR isoform (HvNTR2) from barley: Initial
crystal screening experiments were carried out using the PEG6000 grid-screen (Hampton
Research) and the hanging drop vapour diffusion method. Drops of 2.0 μL protein solution were
mixed with 2.0 μL reservoir solution and equilibrated over a reservoir of 500 µL. Yellow needle
clustes (Figure 2A) were detected in 5% (w/v) PEG6000 (Fluka) and 0.1 M citrate-buffer pH 4.0
after four days of incubation at 22°C.
Figure 2 Yellow needle cluster and needles of NADPH-dependent thioredoxin reductase isoform 2 (HvNTR2) from
barley. A) Crystals where grown in 5% (w/v) PEG6000 (Fluka) and 0.1 M citrate-buffer pH 4.0 for four days at 22°C.
B) Crystal grown 12 days at 25°C in 2% (w/v) PEG400 and 0.1 M citrate-buffer pH 3.5.
Further optimization included screening of the effect of the PEG molecular weight, the
temperature and pH. Longer separate needles (Figure 2B) where obtained by increasing the
temperature to 25°C and using 2% (w/v) PEG400 and 0.1 M citrate-buffer pH 3.5. Fine tuning of
crystallization conditions included screening of the PEG concentration as well as using the
Hampton Research additive screen. When optimized it consisted of 24% (w/v) PEG400, 2%
Jeffamine M-600, 0.1 M citrate-buffer pH 3.5, a protein concentration of 5.7 mg mL-1 and an
incubation temperature of 25°C. These conditions gave bright yellow crystals with hexagonal
morphology within a week (Figure 3). The diameter of the crystals could reach 0.18 mm. The
crystals were flash-frozen directly from the drop without using additional cryo-protectants.
Solved structure
The structure of HvNTR2 from barley was solved to 2.6Å (Figure 4) [2]. It consists of two
domains, the FAD and the NADPH binding domains, and so far all previously solved low-
molecular-weight NTRs are found to be in one of two conformations; the flavin oxidizing (FO) or
the flavin reducing (FR) conformation. To obtain the latter, one domain rotates 66° relative to the
other.
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The NTR reaction scheme can account for these observation if NTR-Trx interaction is required for
breakage of inter-domain contacts in the NTR FO conformation and the binding/release of NADPH/NADP+
is assumed to only involve the FR conformation (Figure 4).
Figure 4 The NTR reaction scheme modified to take the observation of differences in inter-domain interactions and lack of space
for NADPH binding in the HvNTR2 crystal structure into account. Hydrogen bonds are shown by dotted lines. Trx interaction is
required for breakage of inter domain contacts in the FO conformation and NADPH/NADP+ is assumed not to bind during domain
re-orientation.
As seen on Figure 3 a loop between β-sheets B14 and B15 is placed very close to the binding site of Trx.
The structure of HvNTR2 reveals a loop, which is predicted to be flexible due to many glycine residues. An
alignment of different plant NTRs (Figure 5) shows that this loop is conserved in monocots, but with small
variations between isoforms which may lead to their preference for a specific Trx isoform.
Figure 5 Part of an alignment between different  NTRs from plants reveals a glycine-rich loop (boxed) in monocots. Hv = barley, 
Ta = wheat, Zm = mays, Os = rice, At = Arabidopsis thaliana, Pt = poplar and MT = Medicago truncatula (Barrel Medic, legume)
Conclusion
The same amino acids that form interdomain contacts (conserved glycine and arginine residues, see
Figure 6) in NTR are involved in binding to Trx: Together with an alanine the glycine and arginine provide
five hydrogenbonds to Trx. Two loops and these residues form an area which may be able to select and
bind the right Trx isoform before a conformational shift. This binding would break the inter-domain
hydrogen bonds and thereby facilitate the conformational shift. After a 66°rotation of one domain the
bound Trx meets yet another loop which may position it for reduction.
Figure 6 (A) Thioredoxin binding patch. Model of the dimer of EcNTR in the FO conformation (pdb: 1tde), where one subunit is
shown in green and the water-accesible surface of the other in orange. Residue Gly129 and Arg130 in the NADPH binding domain
form the only hydrogen bonds to the FAD domain in the flavin oxidizing (FO) conformation. These residues together with Ala237
also provide five of the hydrogen bonds formed upon binding with Trx. These residues are shown in yellow and the two loops
possibly providing selectivity towards Trx are shown in blue. (B) Close-up of residues. (C) Same as B shown as surface.
Future and ongoing work
We have constructed NTRs that are mutated in the glycine-loop shown in Figure 5 as well as in 2 other
loops which may be involved in the recognition of a specific Trx isoform. The activity of these mutants will
be tested to examine the role of the loops.
A complex between HvNTR2 and one Trx isoform is in preparation by covalently linking single Cys→Ser
mutant of the two protein. The purified complex will be subjected to crystallization trials and biochemical
characterization.
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Protein disulfides and seed germination
Many seed proteins containing a disulfide (-S-S-) group undergo redox changes during seed development
and germination. The proteins are synthesized in the reduced (-SH) state, become oxidized to the disulfide
state during seed maturation and are converted back to the reduced state during the germination process.
The reduction of disulfides increases solubility, protease susceptibility, heat stability and it changes the
activity of enzymes.
Thioredoxins and thioredoxin reductase
Plant Thioredoxins (Trx’s) are small (~13kDa) globular proteins that catalyze these thiol-disulfide exchange
reactions (Figure 1). The activity of the thioredoxins is dependent on the activity of the thioredoxin
reductases (NTR’s) (for a review see [1]).
Figure 1 Reaction catalyzed by NADPH-dependent thioredoxin reductase (NTR). Reducing equivalents are transferred from
NADPH to FAD bound to NTR. From FAD they are transferred to a disulfide bond in the NADPH domain of NTR and further to a
disulfide in thioredoxin (Trx). Hereafter Trx can reduce other proteins.
The reduction of thioredoxin requires the presence of two cofactors, FAD and NADPH, and NTR that
orients the thioredoxin and the cofactors for a stepwise exchange of reducing equivalents (Figure 1). In
order to catalyze the entire reaction, NTR needs to swap between two conformations, the flavin oxidizing
(FO) and flavin reducing (FR) conformation (Figure 4). We have solved the structure of one NTR isoform
(HvNTR2) from barley to 2.6Å (Figure 2) [2]. It consists of two domains, the FAD and the NADPH
binding domains, and so far all previously solved low-molecular-weight NTRs were found to be in
one of two conformations; the flavin oxidizing (FO) or the flavin reducing (FR) conformation. To
obtain the latter, one domain has to rotate 66° relative to the other. Only by covalently binding
NTR to Trx, the FR can be stabilized for characterization [3].
Figure 2 Superposition of the FAD domain of HvNTR2 (blue) and NTR from Arabidopsis thaliana (AtNTR-B, white, pdb accession:
1vdc). The NADPH domains (green) were not included in the superposition. The HvNTR2 FAD and the disulfide bridge are shown
in yellow and the -strand linker in pink.
Barley NTR and the reaction mechanism
In the crystal structure of HvNTR2 (Figure 2, colored), the two domains responsible for FAD and NADPH
binding respectively are trapped in a not previously observed domain arrangement.
The relative domain orientation is different from that observed in NTR from Arabidopsis thaliana (white) in
the FO conformation [4]. The amino acids involved in inter domain contacts in the oxidized NTR molecules
(corresponding to Gly129 and Arg130 in NTR from E. coli) are the same amino acids, which binds to Trx,
as judged from a structure of NTR from E. coli covalently bound to Trx (Figure 3) [2]. The structure of
barley NTR does not provide enough space in the conserved NADPH binding site to enable NADPH
binding.
Figure 3 Superposition of the NADPH domains of HvNTR2, AtNTR-B (white, pdb: 1vdc) and EcNTR in the FR conformation (grey,
pdb: 1f6m) covalently bound to Trx (yellow). HvNTR2 is coloured according to domain; blue is the FAD domain, green is the
NADPH domain and pink is the -sheet linker between the two domains.
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Thioredoxins and thioredoxin reductase
Thioredoxins (Trx's) are protein disulfide reductases that regulate the intracellular redox
environment by catalyzing thiol-disulfide exchange reactions. Furthermore they participate
in a large number of cellular processes including DNA synthesis, oxidative stress
response and apoptosis. They are present in several isoforms in plants of which the
cytosolic Trx h isoforms are reactivated by specific NADPH-dependant thioredoxin
reductases (NTRs) (reviewed in [1]). NTRs catalyze the reduction of a redox-active
disulfide bond in Trx using NADPH as reductant and FAD as cofactor (see Figure 1).
Figure 1 Reaction catalyzed by NADPH-dependent thioredoxin reductase (NTR).
NTR is a homodimer, where each monomer consists of two domains, the FAD and the
NADPH binding domains (see Figure 2A). It can shift between two conformations; the
flavin oxidizing (FO) or the flavin reducing (FR) conformation. To obtain the latter, one
domain has to rotate 66° relative to the other. Only by covalent binding of NTR to Trx can
the FR conformation be stabilized for characterization [3]. We have solved the structure of
one NTR isoform (HvNTR2) from barley to 2.6Å (Figure 2A) [2].
A B
Figure 2 Structure of HvNTR2 from barley. A) FAD domain (blue) of the crystal structure of HvNTR2 (pdb
accession 2whd, [2]) superposed to AtNTR-B from Arabidopsis thaliana (white, pdb accession 1vdc [4]). B) A model
of a complex between HvNTR2 (dark blue) in the FR conformation bound covalently to HvTrxH2 (cyan). The model is
superposed with the crystal structure of EcNTR (green) bound to EcTrx (magenta) (pdb accession 1f6m, [3]).
Complex model
A complex of HvNTR2 bound to HvtrxH2 was made (Figure 2B) by superposing the two
separate domains with the corresponding domains of the EcNTR-Ectrx complex (pdb
1f6m [3]) using the program Coot. HvtrxH2 from pdb accession 2iwt [5] was used.
Homology modelling, energy minimization and model evaluation was performed using the
program MOE, and the possible contacts were determined using Ligplot (Figure 3).
Figure 3: Possible interactions found using Ligplot on the model of a complex between HvNTR2 and HvtrxH2. In
red is shown the corresponding residue in HvNTR1 or HvtrxH1 in the case they are not the same. Circled residues
have been examined by kinetics on mutants.
For the FAD domain all but one of the residues involved in binding Trx are located in a
loop with the sequence 40EGWMANDIAAGG51 (interacting residues are underlined). This
loop is semi-conserved in some bacteria like Clamydia as well as eukaryotic LMW NTRs
from e.g. plants, yeast, amoebas and fungi. The corresponding loop is five residues
shorter in EcNTR and has a totally different sequence. Therefore, the only available
crystal structure of a complex does not provide any information regarding how NTRs from
these organisms bind Trx to the FAD domain. The model presented here suggests how
this loop binds Trx mainly by hydrophobic contacts (see Figure 4A+C). W42, M43 and
D46 protrude from the surface; M43 is buried in a groove on the surface of Trx, whereas
W42 and D46 are bound to each side.
Figure 4: Comparison of the binding to the FAD domain in complexes of A+C) HvNTR2(dark blue):HvTrxH2 and
B+D) EcNTR(green):EcTrxA (pdb 1f6m, [3). The surfaces of the Thioredoxins are shown with charge distribution.
Residues involved in binding of Trx
Based on the model a number of mutants were constructed and examined using enzyme
kinetics (Figure 5). It is seen that EcTrxA is a poor substrate for HvNTR2 compared to
HvTrxH2 and Trx from Arabidopsis thaliana, AtTrxH3. However, when scaling the data it
seems that the loop binds HvNTR2 and EcTrxA in a similar manner: They depend mainly
on W42 and M43, and deletion of part of the loop (∆42-47) leads to an almost total loss of
activity. Binding of AtTrxH3 is not very dependent on W42, and deletion of the loop still
gives 5% activity. This may be due to a stronger binding elsewhere.
Figure 5: Relative values for kcat /Km. Left: The activity of HvNTR2/HvTrxH2 was set to 100%. Right: The values for
the activity of HvNTR2wt with the three different substrates HvTrxH2, AtTrxH3 and EcTrxA were all scaled to 100%.
The activity of different mutants of HvNTR2 are shown relative to these.
Conclusions
We have made a model of HvNTR2 from barley bound to HvTrxH2
 The model predicts that mainly a large loop is responsible for binding one of the
domains (the FAD binding domain).
 This loop is found in eukaryotic LMW NTRs, but not in the only available crystal
structure of a complex (from E.coli). Therefore, the model provides new insight to how
these NTRs bind Trx.
 The residues Trp42 and Met43 from the loop are essential in binding HvTrx2. Ile51
from Trx is bound between these.
 Even though NTR from Arabidopsis thaliana has the same sequence of the loop it
apparently binds in a different manner.
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